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Self-assembly based “bottom-up” strategy offers an attractive and 
promising approach for constructing nanoarchitectures with desired 
functionalities. Tailored growth and controllable fabrication of designed 
structures can be achieved through careful selecting the building blocks. The 
family of phthalocyanine (Pc), a class of functional conjugated molecules, 
represents one of ideal model systems for both technological and 
fundamental research. Among these, studies of the self-assembly of 
non-planar Pc and the features of single molecule after the adsorption on 
substrates are still in progress. Many critical issues are yet to be revealed. To 
this end, this thesis mainly focuses on the substrates effects on self-assembly 
of dipole Pc molecules and the single molecular properties on the metal 
surfaces by using in-situ low temperature scanning tunneling microscopy 
(LT-STM). Here, non-planar Pcs with a permanent dipole moment 
perpendicular to the molecular π-plane were chosen as the model systems to 
investigate both the construction of molecular dipole dot arrays and the 
substrate effects on the adsorption structures of dipolar Pcs on various 
substrates.  
It is found that tunable 2D molecular dipole arrays on graphite surface 
can be fabricated by mixing chloroaluminum Pc (ClAlPc) with  
hexadecafluoro copper Pc (F16CuPc); while unidirectionally aligned 
molecular dipole dot arrays can be realized based on the site-specific 
adsorption of vanadyl Pc (VOPc) on the herringbone reconstructed Au(111) 
surface. The study of the detailed interplay between the intermolecular and 
molecule-substrate interactions which govern the self-assembly process of 
functional organic molecules on substrates is of great interest to direct the 
fabrication of functional supramolecular structures, in particular for these 
functional dipole Pcs. In this regard, the features of complex interactions 
between dipole Pcs and noble metal surfaces are systematically studied by 
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using ClAlPc and VOPc as the model systems. It is found that the presence 
of the dipole moment can significantly change the packing structures of the 
monolayer, such as unidirectionally aligned O-up orientated VOPc 
monolayer on graphite; while uniform tilted VOPc monolayer can be formed 
on Au(111). Finally, the features of individual ClAlPc on the Cu(111) 
substrate are studied as a model system to reveal the dipole alignment 
dependent molecule-substrate interactions. It appears that single ClAlPc 
exhibits dipole alignment dependent symmetry-reduction after the adsorption 
on Cu(111) surface. Cl-down orientated ClAlPc shows 2-fold symmetry due 
to the inequivalent charge distribution. In this study, we focused on the STM 
experiments, and the results are also rationalized by theoretical calculation to 
distinctly reveal the fundamental issues.  
Our study has revealed that molecular self-assembly represents a 
versatile approach to construct functional molecular layers on various 
substrates. There is plenty of room in the area of functional organic 
semiconductors to be explored both in the mono/multi-layer structures 
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Chapter 1 Introduction 
1.1 Bottom-up Molecular Self-assembly on Surfaces  
Molecular electronics is an interdisciplinary area that has attracted great interest 
due to its prospect to extend Moore's Law beyond the scale limits of conventional 
silicon-based integrated circuit. The size reduction relies on the molecular- or 
atomic-level control of fabrication and characterization, and hence innovative tools 
and processing strategies are required
1
. Although it is still far from commercial 
manufacture of the molecular-electronic devices, fundamental research in these topics 
has advanced step by step
2,3,4
. Specifically, the drive to miniaturization and cost 
reduction of the molecular devices has pushed to investigate the properties of 
individual molecule and to improve the ability to tune the interfaces between 
functional molecules and the electrodes
5,6,7
.  
 The bottom-up molecular self-assembly has been widely used to construct 
well-defined low-dimensional supramolecular architectures. It is one promising route 
towards the device miniaturization and the design of novel nanoscale devices
8
. This 
route involves the assembly and ordering of molecules and atoms on the substrates, 
combining the precise control of the composition, dimension and distribution of the 
architectures formed
9
. However, the underlying mechanisms which govern the 
self-assembly process are still less understood
10
. Extensive efforts have been imposed 
to reveal the general rules in these self-ordering phenomena, exploring the roles of 
different types of intermolecular interactions, such as van der Waals forces, 
dipole-dipole, hydrogen bonding, metal-ligand coordination, and also the effects of 
substrate on the adsorption and aggregation of the building blocks, like the charge 




 In this chapter, firstly, the construction of one-dimensional (1D) molecular chains 
and two-dimensional (2D) molecular networks comprising single component and 
binary molecular building blocks based on the non-covalent interactions will be 
discussed, including the hydrogen-bonding, metal-ligand coordination. Secondly, 
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special efforts are imposed into the on-surface polymerization to construct covalently 
bonded 1D molecular chains, and 2D nanomaterials. Many elegant reviews have 
discussed engineered nanostructures at surfaces with different topography and 
functionality
8,15
. In this case, we will summarize the latest reported representative 
results in these related topics of supermolecular constructions. 
1.2 Rationally Synthesized Low-dimensional Supermolecular Nanostructures at 
Surfaces 
1.2.1 1D Molecular Chain 
The well-defined 1D system has priority over disordered structures in terms of 
charge and spin transport along restricted direction
16
. For example, when the 
organic-electronic devices reach the single-molecule limit, interconnecting these 
functional units requires the molecular wires as the circuits that enable the charges 
and excitons transport within the devices
17
. Meanwhile, the electrical transport on the 
level of single molecular wires is of great importance for any electronic application in 
molecular nanotechnology. To this end, the desired fabrication and reproducible 
synthesis of the conducting molecular wires are essential in the application of 
molecular machines
18
. In particular, the covalently bonded single-polymer chains are 
much more favorable than the non-covalently organized molecular chains in the 
molecular nanodevices thanks to the efficient charge transport
19
. In this section, 
besides the substrate-confinement effects on the construction of 1D molecular chains, 
types of 1D molecular chains steered and stabilized via different intermolecular 
interactions ranging from hydrogen bonding, metal-ligand coordination to the 
covalent bond will be thoroughly discussed.  
1.2.1.1 Substrate template directed self-assembly of 1D molecular chains  





), regular step bunches
22
, and/or 
vicinal templates (for example, Au(788)
23
) have been employed to direct molecules 
into well-ordered structures. Similarly, the monatomic stepped surfaces can lead to 
favorable incorporation of adsorbates because of their reduced atomic coordination. 
As shown in Figure 1.1A, the step edges of the Au(11,12,12) template surface can 
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direct the formation of double- and single-row of the molecular chains comprising 
perylene-tetra-3,4,9,10-carboxylic acid diimide (PTCDI) molecules 
and1,4-bis(2,4-diamino-1,3,5-triazine)benzene (BDATB) at the coverage of 0.15 ML 
(monolayer, refers to the whole surface covered by one layer of closely packed 
flat-lying molecules)
24
. These 1D chains along the step edges consisting of alternating 
PTCDI and BDATB molecules are stabilized by the intermolecular N-H··O and 
N··H-N hydrogen bonding (Figure 1.1B). 
 
Figure 1.1. (A) Higher-magnification image (2V, 0.1nA) highlighting the 2D superlattice of 
steps and discommensuration lines separating FCC and HCP stacking areas on the 
Au(11,12,12) template surface
25
; (B) Model of the threefold hydrogen-bonding pattern of 
PTCDI and BDATB, suggesting to promote the directionality of the structure; (C) Double 
heteromolecular wires running along the lower step edges of the Au(11,12,12) template 
surface (-1.7 V, 0.2 nA)
23
; (D) top view of a stepped Au(677) surface
26
; (E) STM image (-1.2V, 
0.05 nA) of FePc molecules decorating the step edges to form 1D molecular chains
30
; (F) 
optimized adsorption conﬁguration of FePc molecules on Au(111) step edge; (G) schematic 
illustration of a striped Ag surface on In/Si(111)-(4×1); (H) Formation of CoPc molecular 
chains on the striped Ag surface (30 nm×60 nm); (I) unique rotation angle of CoPc molecules 
within a chain; (J) the maximum CoPc chain
32
 (Vsample = 1.0 V, I = 20 pA). Figure (A) 
reproduced reprinted from ref25, with permission from the American Chemical Society, 
copyright 2010; Figures (B) and (C) reprinted from ref. 26, with permission from John Wiley 
& Sons, copyright 2007; Figure (D) reprinted from ref26, with permission from American 
Physical Society, copyright 2010; Figures (E) and (F) reprinted from ref31, with permission 
from American Chemical Society, copyright 2011; Figures (G) and (J) reprinted from ref32, 
with permission from American Chemical Society, copyright 2011.  
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Moreover, the morphology of as-deposited molecular aggregates depends 
strongly on the atomic structure of the substrates, the relation between the 
intermolecular and molecule-substrate interactions, and the shape of the molecule
27
. 
For some functional molecules such as large phthalocyanines or porphyrins and their 
derivates, the interaction with the step edges is complicated due to the existence of 
both the probable chemical bonding from the central metal atom and the interactions 
with the peripheral ligands
28
. The molecules may preserve the original feature or be 
distorted depending on the atomic environment of the underneath substrate
29
. 
Different rotation angles with respect to the surface plane can also be determined 
because of the relatively weak interaction between the ligands and substrate, leading 
to the inhomogeneity between the neighboring molecules
30
. For example, the iron 
phthalocyanines (FePc) can selectively anchor on the step edges of Au(111) which 
stems from the different adsorption energy on the face centered cubic (FCC) and 
hexagonal close-packed (HCP) regions
31
 (Figure 1.1D). 1D molecular chains on the 
monatomic step edges can only be formed in the FCC surface reconstruction after 
increasing the coverage to 0.6ML, with the FePc molecules preferring to reside onto 
the FCC-step-edges as highlighted in Figure 1.1E. In this regard, fabrication of 
artificial surface template would be one of the efficient ways to realize the uniform 
and highly ordered 1D molecular chains. As demonstrated in Figure 1.1G, a surface 
with regular step arrays whose structure differs from the atomic steps has been 
constructed by rationally decorating the Si(111) surface firstly with In, followed by 
Ag
32
. The fractional atomic steps can be formed due to the stacking-faults and the 
lattice matching between striped Ag and the In/Si(111) surface. Highly ordered 1D 
cobalt-phthalocyanine (CoPc) molecular chains are realized along the striped Ag 
surface (Figure 1.1 H). The CoPc molecules within each single chain are uniformly 
orientated and densely packed homogenously (Figure 1.1 I). The maximum length of 
the CoPc molecular chains is about 25 nm, which is comparable with the domain size 
of the Ag striped structures (Figure 1.1 J).  
1.2.1.2 1D molecular chains assembled through hydrogen bonding 
Besides the substrate-confinement effects on the fabrication of 1D molecular 
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chains, diverse intermolecular interactions, such as hydrogen bonding, metal-ligand 
coordination effects, dipole-dipole interactions and even the covalent-bonding can be 
exploited to construct long range ordered molecular chain arrays
15
. Due to the 
directional, selective and moderate strength of hydrogen bonding, it is efficient to 
achieve tunable and controllable synthesis of desired functional molecular 
superstructures on surfaces
33
. After the deposition, the morphologies of the 
superstructures are controlled not only by the directional intermolecular hydrogen 





Figure 1.2 (A) and (B) STM images of PVBA doublet chains obtained after deposition and 
further annealing low concentrations of PVBA at 300 K on Ag(111)
35
; (C) Schematic 
representation of the double chains stabilized by intermolecular hydrogen bonding; (D) and 
(E) Extended 1D supermolecular arrays crossing stepped surface via assembly of 
2,6-naphthalenedicarboxylic acid(NDCA) on Ag(111) surface; (F) DFT calculated structure of 
the NDCA dimers at a step edge, stabilized through the intermolecular hydrogen bonding
36
. 
Figures (A), (B) and (C) reprinted from ref35, with permission from John Wiley & Sons, 
copyright 2000; Figures (D), (E) and (F) from ref36, with permission from American Physical 
Society, copyright 2008. 
In some cases, 1D organization of the molecules should be achieved at low 
coverage so as to avoid the aggregation into two-dimensional aggregations. 
Pioneering works include the construction of uniform long-range ordered 1D chains 
via depositing benzoic acids on metal surfaces, such as the most renowned 
4-[trans-2-(pyrid-4-yl-vinyl)]benzoic acid (PVBA). It can be aggregated into regular 
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molecular chains in a head-to-tail arrangement, which is stabilized through the 
O-H
…
N intermolecular hydrogen bonding
35
 (schematic model in Figure 1.2C). 
Consequently, long range ordered 1D chains are formed on the Ag(111) surface as 
shown in Figure 1.2A and B. On the other hand, the relatively strong interaction of the 
molecule side group with the metal surface restrains the mobility of the molecules and 
precludes the regular hydrogen bond arrangement within the molecular chains on the 
surface. As such, these molecular chains can cross over the step edges on the Ag(111) 
surface, exhibiting long-range ordering and high stability by using the 




A variety of 1D molecular chains can be constructed via the directional hydrogen 
bonding. The underlying mechanism governing the molecular chains implies that the 
rational selection of organic building blocks and substrates can satisfy the 
development of such a kind of functional molecular arrays stabilized by 
hydrogen-bonding. However, the relative weakness of the hydrogen bonding may 
induce multiple pathways and structural instability under certain conditions. One 
promising route by using the metal–ligand bonding offers directional bonds with 
intermediate strength that can be exploited to construct superstructures with different 
geometric shapes. Moreover, a variety of metals and organic ligands can be applied to 
realize the functionality, directionality and diversity. The coordination chemistry 




1.2.1.3 Metal-organic coordination bonds assisted assembly  
Metal-organic coordinated superstructures formed by the assembly of organic 
ligands with metallic atoms can be functionalized by choosing suitable building 
blocks
38
.  The compulsory element in this approach is the organic ligand in which 
the peripheral sides can provide complementary incorporating sites for metal atoms. 
The geometrical control of the superstructures can be realized by tuning the ligand 
geometry and the preferential binding sites
39
. In order to realize the low-dimensional 




Figure 1.3 (A) STM image of the one-dimensional supramolecular assembly following 
deposition of bis (pyridyl) pophyrins on Cu(111) (V=-0.1 V, I=77 pA). Bottom: Schematic 
model of the linear chain shown in A, the straight segments have a stride of about 32.7Å; (B) 
Large scale STM image showing the chain on Cu(111) surface
42
; (C) Representative STM 
images of [-Cu-TMA-Cu-]n chains on Cu (110) surface; (D) high-resolution STM image of 
the metal-organic molecular chain as shown in C; (E) optimized model of the 1D chain
43
. 
Figures (A) and (B) reprinted from ref42, with permission from American Chemical Society, 
copyright 2010; Figures (C), (D) and (E) reprinted from ref43, with permission from John 
Wiley & Sons, copyright 2010.  
necessary to pay much attention to the mobility, reactivity of the adsorbates.  
On metal surfaces, the step edges and surface defects can contribute adatoms to 
the direct coordination without further deposition of extra metallic sources
40
. It is 
known that the Cu adatoms can exist on Cu surfaces even at moderate temperature
41
, 
enabling the stabilization of molecular aggregates via metal-ligand coordination 
bonding between the pyridyl groups and Cu adatoms. As demonstrated in Figure 1.3A, 
the bis (pyridyl) pophyrins can be aggregated into one-dimensional molecular chain 




. The one-dimensionally aligned 
pyridyl-Cu-pyridyl coordination motif indicates that the terminal pyridyl rings are 
tilting instead of flat-lying on the surface, as schematically shown in the bottom of 
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Figure 1.3A. Consequently, the steric repulsions between H atoms of neighboring 
pyridyl rings prevent the formation of 3-fold or 4-fold symmetric coordination 
networks which can ensure the pure one-dimensional chains on the Cu(111) surface
42 
(large area STM image in Figure 1.3B). 
The formation of uniform 1D structures can also be steered by using anisotropic 
surfaces such as Cu(110). This surface can act as the template to direct the formation 
of well-aligned molecular chains on it because of the preferential confinement within 
the troughs
43
. As representatively illustrated in Figure 1.3C, 1D molecular chains can 
be formed after the deposition of trimesic acid (TMA) on the Cu(110) surface, which 
is predominantly adsorbed along the <1-10> direction. The substrate effects on the 
preferential alignment can be ascribed to the relative matching between the substrate 
lattice and the molecular structures. After residing on the Cu(110) surface, TMA 
molecules will be deprotonated, and hence incorporated with the Cu adatoms to direct 
the unidirectional alignment of these 1D chains. Density Functional Theory (DFT) 
calculations show that the connected protrusions between neighboring TMA 
molecules could be modeled by a dimeric Cu center, and hence it can be concluded 
that these 1D geometric structures are stabilized via the N
…
Cu bonds.  
 As demonstrated above, 1D molecular chains held by the hydrogen bonding, 
metal-organic coordination as well as the reconstructed substrates have been obtained 
under ultrahigh vacuum (UHV) conditions. On the other hand, the on-surface 
synthesized covalently bonded molecular structures can realize robust architectures 
for potential applications in materials science and molecular electronics
44
.  
1.2.1.4 On-surface synthesis towards 1D covalent molecular chains 
On-surface synthesis has emerged as a promising strategy for fabricating rigid 
molecular architectures. Such processes are generally carried out after the deposition 
of molecules on metal surfaces under ultra-high vacuum conditions followed by 
heating the sample under certain temperature to initiate the coupling (schematic 
model in Figure 1.4G). In 2007, Grill et al. demonstrated the construction of 
polymeric molecular chains on the Au(111) through the covalent coupling of the 
trans-bromophenyl porphyrins
45
. Molecular structure of the precursor and the 
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as-synthesized covalently bonded molecular chains are shown in Figure 1.4A to C. 
Subsequently, single conjugated polymer chain has been successfully achieved in the 
same group through annealing the as-grown dibromoterfluorene (DBTF) monomers 
on Au(111) surface at 520K for 5min
46
. The mechanism is that annealing the 
as-deposited monomers to dissociate the terminated bromine atoms, followed by the 
diffusion and aggregation of the activated terfluorene radicals towards the formation 
of polymeric chains as demonstrated in Figure 1.4D to F. 
The above discussed synthesis-processes of 1D covalently bonded molecular 
 
Figure 1.4 (A) Chemical structure of Br4TPP molecule (substituent Br atoms are highlighted 
in red); (B) STM image of single Br4TPP intact molecule (3.5×3.5 nm
2
) where the brominated 
legs appear larger than the counter lobes; (C) 1D polymeric chain formed after activation and 
connection (10×10nm
2
) , the schematic model is depicted inset
45
; (D) Molecular structure of 
dibromoterfluorene (DBTF) monomer; (E) STM image of the long covalently bound 
molecular chain, following the herringbone reconstruction of the Au(111) (80×120 nm
2
, 1 V, 
and 0.1 nA); (F) STM image (5.9×3.6 nm2) of a single polyfluorene chain with its chemical 
structure superimposed
46
; (G) Scheme of sequential activation mechanism. Figures (A), (B) 
and (C) reprinted from ref45, with permission from NPG, copyright 2010; Figures (D), (E) 
and (F), reprinted from ref46, with permission from AAAS, copyright 2009. 
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chains are mostly constructed on the high-symmetric (111) surfaces, which would 
lead to the preferential growth direction along the equivalent crystallographic axes. In 
particular, the linear structures are perturbed by the elbow sites on the 
herringbone-reconstructed Au(111) surface, such as the bended DBTF polymer chains 
on Au (111) (Figure 1.4E). It is suggested that the inherent anisotropy surface, e.g., 
(110) can be used as template to produce the linear polymer chains. Cu(110) surface 
  
Figure 1.5 (A) Formation of epitaxially confined cis-PEDOT on Cu(110) via Ullmann 
coupling; (B) STM image showing the linearly stacked of EDOT molecules on Cu(110) (V 
=-365 mV, I =1.0 nA,8.9×8.9 nm
2
); (C) DFT calculated structures viewed from front (top) and 
top (bottom) respectively. Cu atoms lifted out of the top substrate layer to participate in 
bonding to the EDOT; (D) STM image of the uniform trimer stripes on the Cu(110), the line 
profile demonstrated the stacking of the trimer structure showing in the right (V=-1.06V, 
I=1.1nA,)
48
. Figures (A) to (D) reprinted from ref48, with permission from National Academy 
of Sciences of the United States of America, copyright 2010. 
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can serve as both a template and a catalyst to promote the polymerization through the 
classical Ullmann coupling. 
2,5-diiodo-3,4-ethylenedioxythiophene (DIEDOT) or 
2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT) molecules are the monomers for 
the construction of poly (3,4-ethylenedioxythiophene) (PEDOT) which has been 
widely used in the fabrication of electro-active devices, in particular in organic 
light-emitting diodes, photovoltaic cells, and sensors
47
. The in-situ surface-confined 
synthesis of PEDOT delivering an epitaxial array of oligomer wires on Cu(110) would 
be of great interest in fabricating organic devices. By exploiting Ullmann coupling 
(Figure 1.5A), epitaxially aligned PEDOT chains can be fabricated and tuned by 
varying the coverage of monomers, and hence the monomer chains, dimer chains and 
trimer chains can be presented under different coverage (Figure 1.5B to D). In order 
to ideally achieve all-cis conformation of the PEDOT chains, upstanding 
configuration with the sulfur atom pointing towards the substrate would be favored to 
maximize the molecule-substrate interactions
48
 (Figure 1.5D). 
The covalently bound molecular chains with tunable functionality are truly 
attractive for future molecular devices
49
. In addition, on-surface synthesizing rigid 
molecular wires via a clean surface reaction would be highly beneficial for the in-situ 
fabrication due to the absence of byproducts (halogens). For example, the 
polymerization of the metal/metal-free porphyrins on the Au(110) can be activated to 
dissociate the peripheral C-H bond with the byproduct of hydrogen only
50
. 
Particularly, the anisotropic Au(110) surface with the one-dimensional constraint 
would be propitious to construct the linear alkane polymerization, which can both act 




1.2.2 2D Molecular Networks 
Surface-based supramolecular aggregation inherently favors the formation of 2D 
superstructures, and generally relies on relatively weak intermolecular interactions, 
such as the van der Waals forces and other non-covalent bonds. Substrate-geometric 
preference and/or strong surface confinement would play other roles
52
. To this end, 
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challenges in constructing well-defined 2D molecular networks related to the 
realization of the controllability, tunability, stability and functionality would be the 
comprehensive understanding of the relations between these interactions
53
. Elegant 
examples have been summarized in many review papers with diverse conclusions 
about the critical roles of intermolecular interactions played in aggregating the 
molecules into well-ordered pattern
54,55
. Besides the intermolecular interactions, the 
substrates will also play important roles in the self-assembly processes. Generally, 
like the highly orientated pyrolytic graphite (HOPG) and Au(111), on which the 
molecule-substrate interaction is relatively weak, single-component molecules tend to 
form densely packed islands; whereas on the chemically active substrates, like 
Cu(111), both the charge transfer and substrate mediated interactions would impact on 
the molecular packing
56
. Furthermore, it has shown that the enhanced dipole-dipole 
repulsion can induce periodic distribution of tertathiafulvalene (TTF) on Au(111) due 
to the interfacial charge transfer
57
 , and the substrate mediated repulsion produces 
unidirectionally aligned molecular rows of pentacene on Cu(110)
58
. In this regard, 
comprehensive understanding of the substrate effects on the molecular self-assembly, 
in particular the molecules with specific functional groups, would be of particular 
interest in directing the construction of well-controlled 2D molecular networks with 
desired functionality. 
Similar to the 1D molecular chains, the final structures of the 2D molecular 
networks are also determined by the molecular building blocks, substrates and the 
environments. Therefore, any variation of these factors would definitely lead to 
various structures of 2D molecular networks
59
. In this section, the self-assembly of 
functional phthalocyanine (Pc) molecules on different substrates will be discussed. 
The effects of substrates on the molecular aggregation and orientation are revealed by 
using the hexadeca-fluoro cupper phthalocyanine (F16CuPc) on HOPG, Ag(111), and 
Bi-Ag alloy, Bi(111) surface as the model systems. Lastly, the construction of tunable 
two-dimensional binary molecular arrays on the HOPG surface steered via the 
intermolecular hydrogen bonding will be discussed.  
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1.2.2.1 Single-component supramolecular structures 
The self-assembly of functional organic semiconductors on various substrates has 










 and fullerene (C60)
62
. The substrates play the dominant role in determining 
the molecular configurations and aggregations, because the intermolecular 
interactions would be also determined by the molecule-substrate interfacial 
interactions
12
. In particular, the functional units like the cyanide (-CN) and hydride 
(-OH) can strongly bond to the metal substrates, and hence dramatically influence the 
conformation of the molecules. The dipole moment of the molecules which is either 
intrinsic or induced can also significantly impact the molecular ordering/aggregation 
on the surfaces
57
, while other functional groups, like the carboxylic and the H-donor 




It is generally accepted that the metal phthalocyanine molecules tend to adopt 
flat-lying geometries on graphite/metal surfaces with their molecular π-plane parallel 
to the surface, which is dominated by the interfacial π-π interaction or π-d 
interactions
64,65
. However, the orientation and packing geometry of these molecules 
would be influenced by the substrates and the functional units of the molecules
66
. 
 Long rang ordered 2D molecular networks can be achieved after the deposition of 
copper phthalocyanine (CuPc) on HOPG with a square unit cell of 1.52×1.52nm
2
 as 
shown in Figure 1.6A
67
. However, in the case of F16CuPc, on which the peripheral 
hydrogen atoms are substituted by the fluorine, the obtained 2D networks consist of 
alternating molecular stripes which comprise two different in-plane molecular 
orientations. These stripes are denoted as α-orientation with θ1 =32 ± 3° and 
β-orientation with θ2 = 62 ± 3° respectively as shown in Figure 1.6B and 1.6C. The 
nearly equivalent percentages of the two stripes indicate that both the two orientations 
are energetically favorable on HOPG surface. The strikingly different in-plane 
orientation of CuPc and F16CuPc monolayer on graphite surface is ascribed to the 
large repulsion between the negatively charged F atoms. 
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In the case of monolayer F16CuPc on Ag(111), double-row molecular stripes, 
where the molecules within the two rows adopt the same in-plane orientation, can be 
observed in Figure 1.6D
65
. These long-range ordered molecular stripes are strictly 
along the [1-10] direction of Ag(111). Within the neighboring stripes, there are two 
different orientations. One double-molecule-row (DMR) has a square unit cell with a 
dimensional of 1.5nm by 1.5nm; while the other DMRs also exhibit the same oblique 
unit (Figure 1.6F). It is noteworthy to mention that the F16CuPc molecules are registry 
with the substrate lattice and at their energetically favorable sites; while the 
intermolecular interactions, mainly from the electrostatic repulsive force between the 
neighboring F-atoms tend to be minimized through tuning the location of each F-atom 
to point into the hollow sites of the neighboring molecules. The effects of  
   
Figure 1.6 (A) High resolution STM image of monolayer CuPc on HOPG (8×8nm
2
, V=1.7V) 
showing the uniform orientation
67





 and (C) its corresponding high-resolution image (V=2.5V,15×15nm
2
), 
where dashed lines indicate orientations of molecular rows and arrows indicate molecular 
axes
64
; (D) Molecularly resolved STM image (30×30 nm
2
, V=1.9 V) of F16CuPc on Ag(111)
65
. 
Three unit cells are highlighted by three white tetragons respectively. Different domains are 
separated by dashed lines and labeled by “A” and “B”; (E) BiAg2 surface alloy with the 
√3×√3 R30°structure; (F) The monolayer F16CuPc on the BiAg2 alloy surface; (G) STM 
image showing the structure of Bi(110) monolayer structure; (H) STM image of monolayer 
F16CuPc on the Bi(110) surface
66
. Figures (A) reprinted from ref67, with permission from 
American Chemical Society, copyright 2010; Figures (B) and (C) reprinted from ref64, with 
permission from Springer, copyright 2008; Figure (D) reprinted from ref65, with permission 
from American Chemical Society, copyright 2008; Figures (E) to (H), reprinted from ref66, 
with permission from American Chemical Society, copyright 2010. 
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intermolecular and molecule-substrate interactions on the molecular packing 
geometry can be further revealed by comparing the structures of F16CuPc on the 
BiAg2 alloy surface and on the Bi(110) surface. 
 The surface structure of BiAg2 alloy is shown in Figure 1.6E, on which the 
densely packed F16CuPc molecules possess a quasi-hexagonal unit cell on the 3-fold 
BiAg2 surface alloy with two different in-plane orientations. This packing structure is 
similar to that on the HOPG surface, but the molecules rotate by ~60°, rather than 
~30° on HOPG (Figure 1.6F). This can be ascribed to the strong interaction 
interactions between the BiAg2 alloy and the molecule which locks the molecules at 
the specific site. Furthermore, the rotation of such a large angle can efficiently 
minimize the repulsive interaction, resulting in the alternative molecular stripes. In 
contrast, a weak interfacial interaction can be expected on the Bi(110) surface (surface 
structure is shown in Figure 1.6G) which is a semimetal with low density of states 
near the Fermi level. As shown in Figure 1.6H, F16CuPc uniformly packed into 
well-ordered 2D networks with an intermolecular distance of 1.5nm which does not 
fit an integer multiple of the unit cell (a=4.54 Å, b= 4.75 Å) of Bi(110), indicating that 




A variety of molecular networks on different substrates have demonstrated that 
the aggregation of the molecules strongly depends on the substrates. In this regard, the 
relative strength of the intermolecular interactions comparing with that of the 
molecule-surface interactions would be the key factor in determining the final 





bonds is 5 kJ∙mol-1 and 2 kJ∙mol-1 respectively, while the binding energy of molecules 
on the substrates is always in the range of ~20kJ∙mol-1 which depends on the 
molecular size and the metal surface
27
. The metal surface would dominate the 
organization of these functional molecules during the self-assembly process. In order 
to minimize the interfacial interactions, the graphite can be used as a suitable substrate 
which benefits from its smooth potential-energy surface
33
. In the next section, the 
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construction of tunable two-dimensional binary molecular networks on the inert 
graphite surface will be demonstrated.   
1.2.2.2 Binary molecular networks 
Beyond the single-component molecular networks, binary/multi-component 
assemblies through the co-deposition of different molecules can increase the structural 
diversity and feature novel functionalities, such as the donor/acceptor hybrid 
supramolecular architectures
68
. In particular, the periodicity or symmetry of these 
networks can be delicately varied by selecting suitable molecular building blocks and 
changing the relative deposition ratio, further facilitating the accommodated guest 
molecules into ordered arrays with tunable periodicity
69
. Various intermolecular 
interactions, including the non-covalent interactions such as hydrogen bonding, 
metal-ligand coordination and donor-acceptor interactions as well as the strong 
covalent bonding have been widely exploited in the construction of well-ordered 
molecular networks on surfaces. In this section, prototypical binary molecular 
superstructures are used to demonstrate the tunability of the 2D molecular networks 
on graphite surface which are stabilized via the formation of multiple intermolecular 
C-F
…
H-C hydrogen bonds by using the F16CuPc as the main component due to the 
electronegative periphery F atoms
33
.  
Tunable 2D molecular arrays on graphite stabilized via hydrogen-bonding 
By mixing F16CuPc with the p-sexiphenyl (6p) molecules, binary molecular networks 
with tunable intermolecular distances can be delicately manipulated through changing 
the relative ratio of the two components. As summarized in the top row of Figure 1.7, 
two F16CuPc doublets can be interlinked by single or double 6p molecule at the ratio 
of 6P: F16CuPc 1:2 and 1:1 respectively. Further increasing the 6P:F16CuPc molecular 
ratio to 3:1, unidirectionally aligned F16CuPc chain arrays separated by a 6P triplet are 
formed. Replacing the building blocks of 6P with Pentacene or di-indenoperylene 
(DIP) demonstrates the rich diversity of the tunable molecular networks on 
HOPG(Figure 1.7 D to F). It is found that the structural stability of these molecular 
networks is sustained by the multiple intermolecular C-F
…
H-C hydrogen bonding 




Figure 1.7 (A) to (C) molecularly resolved 15×15nm
2
 STM images of F16CuPc molecular dot 
arrays with tunable intermolecular distance controlled by the coverage of 6P, the relative ratio 
of 6p: F16CuPc is 1:2, 1:1 and 3:1 from left to right respectively; scanning parameters: (A) 
and (B): V=2.0V, (C): V=2.7V; (D) to (F) Molecularly resolved 15×15nm
2
 STM images of the 
F16CuPc molecular dot arrays with tunable density controlled by the coverage of DIP. The 
ratio of DIP: F16CuPc is 1:2, 1:1 and 2:1 for D, E, and F respectively. The leaf-like bright 
feature represents a DIP molecule.(D: Vtip=2.8V, E and F: Vtip=2.0V)
33
. Figures reprinted from 
ref33, with permission from John Wiley & Sons, copyright 2010. 
periphery H atoms of the 6P, Pentacene and DIP. Overview from Figure 1.7, simply 
mixing bi-components represents a versatile approach in construction of functional 
molecular superstructures with a high degree of tunability. Furthermore, it is 
noteworthy to mention that desired functionality can be introduced into these 
supramolecular networks by replacing the building blocks with versatile 




Metal-organic coordination networks at surfaces 
The metal-coordination bond strength is typically stronger than the hydrogen bonds. 
2D nonporous networks with desired size and chemical properties can be tailored by 
selecting suitable molecular building blocks and coordinated metal atoms
72
. K. Kern, 




Figure 1.8 (Top): molecular structure of terephthalic acid (TPA) and 
4,1',4',1"-terphenyl-1,4"-dicarboxylic acid (TDA); STM images: (A) High-resolution image 
of ladder-type structures with two distinct types of nanocavities (marked by A and B); (B) 
Fully interconnected network with complete 2D reticulation, giving rise to square cavities 
(marked by C); (C) High-resolution image of 2D reticulated Fe-TDA open network with 
rectangular nanocavities. Positioning of molecular backbone and ligands are marked; Fe 
atoms are shown as blue spheres
73
. (Bottom): Tuning the cavity size of metal organic 
honeycomb networks with designed linkers. STM images show the result of cobalt 
(Co)-directed assembly of (D) NC-Ph3-CN, (E) NC-Ph4-CN, and (F) NC-Ph5-CN on Ag(111). 
(D-F) Structure of the molecules including their length and models of the threefold 
Co-carbonitrile coordination motif resolved72. The images (D-F) were taken at a tunnel 
current of I=0.1 nA and bias voltages of 0.9, 1, and 2 V, respectively. Figures (A), (B) and (C) 
reprinted from ref73, with permission from NPG, copyright 2004; Figures (D), (E) and 
(F) reprinted from ref72, with permission from American Chemical Society, copyright 
2007. 
metal-organic coordination networks (MOCNs). One example of the MOCNs 
comprising tailored pore sizes and chemical functionality is constructed by the 
modular assembly of polytopic organic carboxylate linker molecules with iron atoms 
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on a Cu(100) surface under UHV conditions
73
.The linker molecules used are 
1,4-dicarboxylic benzoic acid (terephthalic acid, TPA), and 
4,1',4',1"-terphenyl-1,4"-dicarboxylic acid (TDA), molecular structures are shown in 
Figure 1.10. STM results demonstrate that the symmetry and topography of the 
porous networks is induced by the lattice structure of the underlying Cu (100). Both 
the molecular length and the bonding configuration of the Fe atoms to the functional 
groups result in the networks with distinct cavity shapes and sizes (Figure 1.8A to C). 
Additionally, the carbonitrile motif (-COOH) is well-known for its strong 
coordination with the transition metals, and is the promising candidates for fabrication 
of MOCNs. As shown in Figure 1.8 D to F, the ditopic molecules with the same 
functional carbonitrile end group, but different lengths can be used to construct the 2D 




Comprehensive understanding of the underlying mechanism governing the 
formation of tunable 2D MOCNs can direct the design of novel surface systems 
which can confine the surface electrons and catalyze a broad range of reactions as 
well. These robust superstructures can also serve as templates to accommodate guest 
adsorbates.  
1.2.2.3 On-surface covalent-bonded molecular networks 
 Rational fabrication of covalently interlinked molecular precursors has recently 
emerged as a promising approach in constructing rigid structures with sufficient 
stability and increased conductivity
10
. Generally, on-surface polymerization utilizes 
following chemical reactions, i.e., the Ullmann coupling, alkyne homocoupling, imine 
coupling, dehydrogenation, and Bergman cyclization
74 , 75 , 76 , 77
. Ideally, the 
as-synthesized two-dimensional covalently bonded molecular networks must 
precisely connect the monomers into well-ordered structures with periodic bonding; 
otherwise, cross-linked networks would be formed. Therefore, one key challenge 
among the fabrication processes still lies on the lacking of periodic bonding of these 
covalently boned nanostructures. 
Probably, two strategies can provide the controlled monomer polymerization: (1) 
20 
 
self-organized monomers are covalently linked after heating the substrates followed 
by the error correction, and (2) the surface-assisted crystallization to achieve 
well-ordered 2D polymers, such as the Ullmann coupling of Hexabromobenzene 
(HBB) on Cu(111) which can give rise to monolayer graphene
78
. Generally, molecular 
building blocks pre-organize into well-ordered 2D networks through the non-covalent 
bonds. Polymerization within these 2D molecular networks can be realized by heating 
or photo irritation, whereas the final products can follow the previous templates 
without changing the position, such as the fabrication of graphene nanoribbons (GNR) 
by annealing the 10,10’-dibromo-9,9’-bianthryl (DBBT) monomers on Ag(111)79. All 
require a template to initiate the polymerization and to direct the aggregation. 
However, further defects corrections and crystallization on surfaces would be difficult 
because of the irreversible features in covalent intermolecular bonds
10
. One of the 
ultimate goals in these on-surface reactions is the minimization of the defects to tailor 
the on-surface synthesis towards desired properties. To this end, detailed 
understanding of the roles of substrates, organic molecular precursor, reaction 
conditions, surface intermediates played in the on-surface polymerization processes is 
strongly required. In this section, several experimental models will be presented in 
order to reveal the features of these critical factors.  
In 2007, L. Grill and co-workers demonstrated the fabrication of 2D networks 
through covalent coupling of the bromine-terminated porphyrin molecules
45
. After 
that, the on-surface polymerization attracted increasing attention, and grew rapidly 
with the blooming of various reaction routes
62
. Five years later, the same group 
presented a controlled on-surface polymerization in a hierarchical manner by selective 
and sequential activation of the specific sites under different substrate temperatures
80
. 
Furthermore, the additional control of the preferred molecular orientation during the 
hierarchical growth can be achieved on an anisotropic template of Au(100). The 
molecular structure of the building block is that a central porphyrin bonded two 
bromine- and two iodine substituents in a linear trans configuration, i.e., 
bis(4’-bromophenyl) and bis (4’-iodophenyl) (Figure 1.9A). The bromine and 
iodine-phenyl groups have different bond dissociation energies, and hence the two 
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substituents enable the stepwise dissociation under different substrate temperature. 
Ideally, the as-grown molecules can keep intact with each other after deposition onto 
the surface. The STM image shows that most of the molecules are close-packed as 
intact monomers with all the four halogen atoms attached (Figure 1.9C). Linear chains 
of the porphyrin molecules are created after heating to 120°C, leaving the bromine 
groups intact (Figure 1.9D). In the next step, these chains connected into 
two-dimensional superstructures after the activation of these bromine atoms by 
heating the sample at 200°C (Figure 1.9E). 
 
Figure 1.9 (A) Chemical structure of the trans-Br2I2TPP molecules. Bromine (blue) and 
iodine (red) leaving groups have different activation temperatures; (B) STM image (V=0.5V, 
I=0.1nA) of a single trans- Br2I2TPP molecule on Au(111). Because of their chemical nature, 
the iodine substituents appear higher than the bromine substituents; (C-E) STM images (C,D 
8 × 8 nm
2
, E, 10 × 10 nm
2
) of trans-Br2I2TPP molecules on Au(111): after deposition (at 80 K, 
B), after heating to 120 °C (C, Step 1), and after further heating to 250 °C (D, Step 2) 
(imaging at 180 °C). The corresponding chemical structures are indicated. The covalent 
nature of the created bonds is proven for all reaction steps; (F) Scheme of the sequential 
activation mechanism. Green arrows indicate the different growth directions of the two 
sequential steps
80
; (G) Schematic representation of Ullmann coupling of porphyrin derivate 
on Ag(111) assisted by the py−Cu−py coordination template; (H) High-resolution STM 
topograph of a DR chain
81
; (I) Uniformly distributed molecular chains on Ag111. Figures (A) 
to (F) reprinted from ref80, with permission from NPG, copyright 2012; Figures (G) to (I) 
reprinted from ref 81  with permission from American Chemical Society, copyright 2013. 
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On the basis of Ullmann coupling, the as-constructed structures always exhibit 
disordering and broad size-distribution on the surface
80
. So a template synthesis 
would be highly beneficial to direct the ordering of the structures. The concept of 
template synthesis is that the monomers firstly assembled into well-ordered pattern 
via non-covalent bonds, then followed by the binding of the activation sites under 
certain conditions. Metal-direct templates can be utilized to steer the on-surface 
polymerization of molecular networks with a narrow size distribution
81
. Reported by 
Lin and coworkers, the Cu-pyridyl coordinated networks can serve as the template to 
construct covalently bonded porphyrin networks on the Au(111) surface. The 
double-row (DR) chain was developed from a dimeric molecular seed step by step via 
the formation of py-Cu-py coordination. In an intermediate state, the Br groups of two 
anchored molecules are close enough to facilitate the Ullmann coupling. The 
deposited Cu atoms serve as both the catalysts in the Ullmann reaction and the 
template to link the molecules together. Most of the products are DR chains with very 
smooth edge which can be ascribed to the preferable attachment of monomer at the 
end of an existing DR chain without energy barrier, and hence the DR chains can be 
extended (Figure 1.9H and I).  
In the above study, the Au(111) surface is preferred to hold these on-surface 
polymerization synthesized structures, mainly benefits from its catalysis activity to 
initiate the Ullmann coupling. However, when the two-dimensional polymerization 
takes place on other substrates, the mobility of precursor strongly influences the 
morphology of final products
82
. For example, combined STM, x-ray photoelectron 
spectroscopy (XPS) and DFT studies have shown that the product morphologies of 
the surface-assisted polymerization of the hexaiodo-substituted macrocycle 
cyclohexa-m-phenylene (CHP) on the Cu(111), Au(111) and Ag(111) surface are 
distinct from each other
82. On the Cu surface, “open” branched networks dominate; 
while the branched networks and small domains mix on the Au surface; highly 
ordered and dense polyphenylene networks can only be formed on Ag(111). It reveals 
that the balance between the diffusion and coupling determines the morphology of 
networks. The higher diffusion barrier of the precursors than the covalent bond 
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formation energy hinders the formation of ordered structures on Cu. In contrast, 
diffusion prevails over the intermolecular coupling, giving rise to the ordered 2D 
molecular networks on Ag(111). 
 In summary, engineering well-defined low-dimensional molecular superstructures 
is one very powerful way of satisfying the demand for future molecular devices. 
Elegant examples representatively summarize a number of recent achievements, 
showing that the assembly of 1D molecular chains and 2D molecular networks with 
desired structures and functionalities strongly relies on the molecular building blocks, 
substrates and growth conditions. Thus, the successful achievement of these patterns 
requires a comprehensive understanding of the underlying mechanisms governing the 
self-assembly processes. In particular, the on-surface polymerization to construct 
highly rigid superstructures is of great interest in following processing with 
low-susceptibility. In combination, these state-of-art successes highlight the crucial 
role of surface chemistry in many research areas ranging from energy harvesting 
systems to computer technology.  
1.3 Objective and Significance of the Study 
2D molecular arrays with high tunability provide promising building units over 
macroscopic areas in an economically feasible way. To understand the mechanism in 
the assembly process, it is indispensable to engineer the functional supramolecular 
architectures. Although extensive efforts have been imposed to the construction of 
well-defined molecular arrays based on the bottom-up self-assembly on surfaces, 
featuring the molecular arrays with desired functionality, e.g., molecular dipole, 
which is essential for the development of innovative devices, has yet to be explored. 
Moreover, the effects of the substrates on the dipole alignment and molecular ordering, 
as well as the roles of the intrinsic dipole moment played in the assembly processes 
are essential in construction of functional molecular suprastructures. It is strongly 
required to reveal these fundamental issues related to molecule-substrate and 
molecule-molecule interactions in these functional systems. 
The main aim of this thesis is to systematically investigate the self-assembly of 
molecular dipoles on different substrates under different conditions by using 
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low-temperature scanning tunneling microscopy (LT-STM) at atomic level. Specific 
objectives of this research are: 
 To construct tunable molecular dipole dot arrays on graphite surface by 
self-assembly of binary molecular system of the dipolar chloroaluminium 
phthalocyanine (ClAlPc) with F16CuPc via C-H…F-C hydrogen bonding 
 To study the effect of dipole alignment on the conformational properties of single 
dipolar molecules on metal surfaces. 
 To investigate the substrate effects on the self-assembly of dipolar phthalocyanine 
molecules; vanadyl phthalocyanine (VOPc) on HOPG, Au(111), Ag(111) and 
Cu(111) as the model systems.  
The results reported in this thesis may pave the way to rationally design 
functional molecular nanostructures and approach the stage of satisfying the demands 
of wide applications. Systematic investigations of the packing geometry and dipole 
orientation of the nonplanar molecules on different substrates could offer a better 
understanding of the mechanism involved in the self-assembly process in the presence 
of functional units. 
The selected dipolar molecules in present study are ClAlPc and VOPc, which 
stand for two types of non-planar phthalocyanines with the central Cl- and O- atom 
protruding outside the molecular plane. Other dipolar molecules like lead 
phthalocyanine (PbPc), tin phthalocyanine (SnPc) in which the central metal atoms 
are larger than the surrounding ligand are not considered. The selected substrates are 
HOPG, Au (111), Ag (111) and Cu (111) mainly because of their high-symmetry 
surface which can provide suitable adsorption sites for adsorbates. LT-STM housed in 
the ultra-high vacuum chamber is used to characterize the packing structure of the 
molecules at sub-molecular resolution.  
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Chapter 2 Experiment 
2.1 Scanning Tunneling Microscopy 
With the invention of STM in 1981 by Gerd Binning and Heinrich 
Rohrer, while working at IBM Zurich Research Laboratories in Switzerland, 
it became possible to investigate not only the topography of a conducting 
sample with atomic resolution in real space, but also the local electronic 
properties
1
. This instrument would later win Binnig and Rohrer the Nobel 
Prize in physics in 1986. 
STM is conceptually simple, it works by scanning a sharp metal wire tip 
over a conductive surface
2,3
. The surface structure can be imaged at the scale 
even down to single atoms by bringing the tip close to the surface and 
applying a voltage between the tip and the sample. Although simple in 
concept, several critical problems should be solved: precise control of 
location and movement of the metallic tip, control of the vibration, and 
making the tip with atomic sharpness. Piezoelectric ceramics can be used to 
precisely control the tip’s position by appropriately applying the voltage. The 
tunneling voltage, working in conjunction with the feedback system and the 
piezoelectric material, allows for precise adjusting the tip’s height and 
placement over the surface. The required stability of obtaining 
high-resolution, can only be achieved by the combination of a few stages of 
vibration-damping systems and a rigid design of the STM instrument. 
Generally, the STM tips are etched from tungsten wire by an electrochemical 
process. 
STM has been widely used as an imaging tool to reveal the surface 
structures at the atomic scale
5
, such as the moiré patterns and defects of 
graphene
6,7





 and island formation
10,11 
can also be characterized by 
STM. In the past decades, STM has been utilized as a powerful tool to 
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manipulate single atoms/molecules and to construct nanostructures at the 
atomic scale with unique properties
12,13
. In combination with the scanning 
tunneling spectroscopy (STS), the dI/dV signal can provide information 
about the local density of states (LDOS) of the surface, and the spatial 
variation of electronic wave functions
14,15
. In particular, the inelastic electron 
tunneling spectroscopy (IETS) can probe the vibrational modes of a 
molecule down to the scale of a single bond
16
. 
2.1.1 1D Tunneling Theory 
A basic model of the metal-vacuum-metal tunneling is depicted in 
Figure 2.1
2,3. The work function Φ of a metal surface is defined as the 
minimum energy required to remove an electron from the bulk out of the 
vacuum level. In metals, the work function of a surface is strongly affected 
by the condition of the surface, such as different metal materials and the 
crystallographic orientation. Besides these, the presence of contamination, or 
the occurrence of surface reactions (oxidation) can change the work function 
substantially. As schematically shown in 2.1A, the tip can be treated as a free 
electron metal with a constant density of states (DOS); while the sample 
contains a distribution of the surface DOS. The tip and sample have the same 
vacuum levels but different Fermi energies when the tip and the sample are 
isolated far from each other, where the work function of the tip and sample is 
ΦT and ΦS respectively (Figure 2.1). 
The quantum mechanical wave functions of the electrons are periodic in the 
solid and decay exponentially into the vacuum region according to  
,  
where k is the inverse decay length, Z is the distance perpendicular to 
the surface. When the tip and sample is close to a few Å apart and in 
thermodynamic equilibrium, the Fermi levels of the tip and sample will be 
aligned (Figure 2.1B). Electrons attempting to travel from sample to tip (and 




Figure 2.1 Energy level diagram for (A) independent tip and sample system; (B) 
thermodynamic equivalent tip and sample system with a small vacuum gap; (C) 
negative tip bias system and (D) positive tip bias system. 
through if the barrier width is sufficiently narrow. The energy levels of the 
tip can be rigidly shifted upward (negative tip bias, Figure 2.1C) or 
downward (positive tip bias, Figure 2.1D) by an amount of |eV|. At negative 
tip bias, the detected current arising from the electrons tunnel from occupied 
states of the tip into unoccupied states of the sample; while at positive tip 
bias, electrons tunnel from occupied states of the sample into unoccupied 
states of the tip.  
2.1.2 Working Principle of STM  
As shown in Figure 2.2, an STM system is constructed with an 
atomically sharp metallic tip, piezoelectric tube scanner, voltage control 
circuit, feedback control circuit, vibration isolation system, data processing 
and display terminal. The scanning tip, commonly using of tungsten (W) or 
platinum-iridium (Pt-Ir) alloy, is mounted on the piezoelectric transducer 
which controls the x, y, z position during approaching and scanning. Driven 





Figure 2.2 The experimental setup and work principle of STM system. 
STM tip can be brought sufficiently close to the sample by detecting the 
tunneling current via the feedback control circuit. Since electron tunneling 
occurs from or into electronic states near EF, which can exhibit a complicated 
structure. It is obvious that the electronic structures of the surface and the tip 
play a major role in determining the tunneling current. Note that the 
energyrange of this process is given by the applied bias voltage.  
A theory developed by Tersoff and Hamann was based on the Bardeen’s 
Transfer Hamiltonian Theory
18
. In this model, a weak overlap of the wave 
functions of the surface states of the two electrodes allows a first order 
perturbation calculation. By summation over all states within a given energy 
interval eV from the EF, the tunneling current can be interpreted in Bardeen’s 
formalism. Tersoff and Hamann applied Bardeen’s formula to the STM, 
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assuming that the tip function is of s-type. Thus the tunneling current in the 
limit of zero temperature and very low bias was found: 
    
where t and s refer to the tip and sample, respectively, f(E) represents the 
Fermi function, V is the applied voltage, Mts represents the tunneling matrix 
element which is given by an integral over a surface in the barrier region 
lying between the tip and the sample, Et and Es represent the energy of the tip 
and sample states. 
The tunneling matrix is given by: 
; 
Schrödinger Equation (SE) in vacuum: ; 
Green’s theorem: ; 
The  and  are the sample wave function modified by the tip potential, 
and the tip wave function modified by sample potential. 
Consequently, the current is given by a combination of the local 
densities of states of the sample and the tip, weighted by the tunneling matrix 
element Mts. The sample properties are given by the value of the sample 
wave function with energy at the center of curvature of the tip, constituting 
the LDOS
19
. Thus the LDOS represents the charge density per unit energy at 
EF at a certain point above the surface. In terms of actual tip states, these tip 
materials exhibit a localized dz
2
 character near the Fermi energy and can 
achieve atomic resolution. Obviously, it is challenging to interpret STM 
images, taking into account the factors that contribute to the tunneling 
current. The apparent height z in the micrographs can either be understood in 
terms of topography and/or electronic effects of the substrate and the 
adsorbate on the latter. 
A three dimensional STM data set of a surface can be recorded with two 
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different modes, i.e., constant current and constant height. In the constant 
current mode, the tip is scanned over the surface; while the tunneling current 
between the tip and surface is sensed. A feedback loop controls the height of 
the tip in such a way that the current remains constant. Alternatively, in the 
constant height mode the tip is scanned across the surface at constant height 
and constant bias voltage. In this case, the tunneling current which is 
measured at discrete scan positions (x, y) constitutes the data set. This mode 
is advantageous as it allows high scan speeds. However, constant height 
mode is limited to very flat surfaces, as massive surface defects or 
contaminants may cause tip crashing.  
2.1.3 Imaging Adsorbates on Surfaces 
The molecule-resolution image is a combination of both the surface 
morphology and the electronic density of states
20
. Applying a bias onto the 
tip, the states located between the EF and EF+eV contribute to the tunneling 
process. To this end, the surface states can be observed by varying the sign 
and magnitude of the applied tip bias. However, the interpretation of the 
STM topological datasets becomes more complicated after the atoms or 
molecules adsorbed on the surface
21
. In particular, the organic molecules 
have a large gap between the HOMO and the LUMO. The tunneling process 
depends on the position of the unoccupied electronic states of the adsorbed 
molecules, and hence two tunneling processes can be sorted
22
 (Figure 2.3). 
First, no unoccupied electron states of the adsorbed molecules in the energy 
window (Vbias), the electrons can tunnel directly from the tip to the sample, 
referring to elastic tunneling. Second, the electrons will first tunnel from the 
tip to the electronic states of the adsorbed molecules, and then from the 
molecules to the sample if some of the unoccupied electronic states of the 
molecules remain in the energy window, referring to the inelastic tunneling. 
The adsorbed molecules can appear either depression or protrusion, 
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depending on both the surrounding environment and the modification of the 
tip
23
. Furthermore, different adsorption site for the same molecules will also 
generate different height, and the charge states of the adsorbed atom or 
molecules will appear different topography
24
. Consequently, the adsorbed 
atoms or molecules are imaged as depression or protrusion, depending on 
how they modify the LDOS at the EF comparing to the bare metal surface, 




Figure 2.3. Tow typical tunneling processes between the tip and surface for the 
adsorbate/substrate system; (A) no unoccupied electronic states of the adsorbed 
molecules in the energy window eV; (B) some unoccupied electronic states of the 
adsorbed molecules in the energy window eV; (C) The I-V curve, dI/dV curve and 
the IETS spectrum that result from both the elastic process and the first inelastic 
channel. 
2.2 Organic Molecular Beam Epitaxy (OMBE) 
Organic molecular beam epitaxy (OMBE) is a well-established 
technique to grow organic thin films under very clean and controlled 
conditions, like UHV condition
26
. The term epitaxy describes the crystalline 
growth of one material on the same (homoepitaxy) or on a different material 
(heteroepitaxy). In the present study, I focus on the single layer and bilayer 
organic molecular thin films grown on graphite and metal surfaces. Detailed 
discussions about the general concepts of the thin film growth on different 





2.2.1 Preparation of Clean Substrates 
The facet and lattice plane of the supporting substrates strongly 
influence the as-prepared thin films. Additionally, the defects or 
contaminations on the substrates may affect the adsorption and nucleation of 
the adsorbates as well
29
. In this case, the substrates prepared under UHV 
conditions would be preferred to assure the highly ordered and clean surface 
(generally much less than 1% of the adsorption sites are covered with 
impurities). 
The substrates used in present study are highly symmetric HOPG, 
Au(111), Ag(111) and Cu(111). Before the deposition of molecules, the 
freshly cleaved HOPG substrate is thoroughly degassed in the preparation 
chamber at ~500°C for more than 4 hrs
30
. Single crystal metal substrates 
were cleaned by repeated Ar
+
 sputtering and annealing cycles, the cleanness 
and surface structure were examined by STM as well
31
. For example, the 
Au(111) substrate is cleaned by several cycles of Ar
+
 ion bombardment (700 
eV energy, 10 μA/cm2 ion current density) and thermal annealing (40 min at 
800 K). The surface is checked by STM and displays a typical 22 ×√3 
reconstruction.  
2.2.2 Molecular Deposition 
Organic molecules are deposited onto these clean substrates by 
evaporation from the low temperature Knudsen-Cells. Both the substrate 
temperature and the evaporation rate are precisely controlled and monitored 
by thermal couple and the quartz-crystal balance (QCM). The crucibles used 
for evaporation as well as the organic materials have to be out gassed 
thoroughly before the deposition to ensure high purity. All the molecules 
used in present study have been sublimated carefully at least twice to ensure 
the high purity. 
In the construction 2D molecular arrays, ClAlPc and F16CuPc are 
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sequentially deposited by organic molecular beam deposition (OMBD) from 
two low-temperature Knudsen cells (MBE Komponenten, Germany) onto the 
HOPG at room temperature in the growth chamber (base pressure <2 × 
10-10 mbar). The deposition rates of ClAPc and F16CuPc are monitored by a 
QCM during evaporation and are further calibrated by counting the adsorbed 
molecule coverage in the large-scale LT-STM images. In the experiments, all 
depositions are performed at constant rates of about 0.025 ML/min for 
ClAlPc and 0.02 ML/min for F16CuPc. During deposition, the chamber 
pressure is maintained below 5.0 × 10
-10
 mbar. The relative ratios of the 
molecules within the 2D molecular arrays are tuned by the relative 
deposition time. For example, first depositing ClAlPc for ~20min, and 
followed by F16CuPc for ~25min can generate the 2D molecular dipole 
arrays with a 1:1 ratio. Flat-lying VOPc molecular islands on different 
substrates can be realized at the deposition rate of 0.025ML/min. At a 
deposition rate of about 2 times of that to achieve flat lying molecules, i.e., 
0.05 ML/min, tilted VOPc molecular islands can be generated.  
2.3 Multi-chamber UHV STM system 
In this work, all the STM experiments were carried out in a multi-chamber 
UHV system housing an Omicron LT-STM interfaced to a Nanonis 
controller
29-31
. Figure 2.4 displays the front view of our Omicron LT-STM, the 
LT-STM can be operated under liquid Nitrogen (77K) or liquid Helium (5K) 
temperature. The system consists of an STM chamber (analysis), preparation 
chamber and a load-lock chamber separated by gate valves. The base pressure 
for the preparation chamber is better than 5×10
-10
mbar, which is maintained by 
a combination of ion-pump, turbo-pump and rotary pump. The pressure is 
measured using ion gauge and cold cathode gauge. There is an X-Y-Z-R1 
manipulator in the preparation chamber which is used for sample treatment, 
and molecular deposition. The sample transfer from the load-lock chamber to 
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the preparation chamber is performed by two magnetic transfer arms, and a 
wobble stick is used to load the sample onto the STM scanning stage. Our 
STM experiments are performed in constant-current mode, and the voltage 
bias is applied on the scanning tip
32
. An electrochemical etched tungsten (W) 
tip is used
33
. All the STM images are captured at 77 K. The STM images are 
processed by WSXM
34 
and SPIP software. 
 
Figure 2.4. The set-up of multi-chamber LT-STM located in the surface science lab 
(SSL). 
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Chapter 3 Construction of Molecular Dipole Dot Arrays 
3.1 Introduction 
The development and realization of molecular nanodevices require the 
construction of long-range ordered and addressable molecular nanostructure 
arrays with desired functionalities over macroscopic areas
1, 2
. Intensive 
research efforts have been devoted to the design of ordered 2D molecular 
nanostructure arrays via different approaches
3-5
, such as selective coupling 
on preferential adsorption sites on pre-patterned surface nanotemplates
6, 7
, 
self-assembly of single or multicomponent molecular systems on surface 
steered by selective and directional intermolecular interactions
8-10
, molecular 
self-assembly on metal surfaces via metal-ligand interactions
11-13
, surface 
supported robust molecular nanostructures formed via intermolecular 
covalent bonding
14
, and so on. It has been reported that self-assembly of 
binary molecular systems on inert graphite surface via weak intermolecular 
hydrogen bonding represents a versatile bottom-up approach to fabricate 
ordered and robust molecular nanostructure arrays with a high degree of 
tunability
15-18
. To further extend their application in molecular nanodevices, 
it is necessary to introduce desired functionality into these self-assembled 
molecular nanostructures for their practical uses.  
 Here, two different approaches are applied to construct the 
unidirectionally aligned molecular dipole dot arrays. Firstly, tunable 2D 
molecular dipole dot arrays can be achieved by mixing the dipolar ClAlPc 
with the F16CuPc on HOPG which are stabilized by the multiple 
intermolecular hydrogen bonding. Secondly, unidirectionally aligned 
molecular dipole dot arrays have been fabricated based on the site-specific 




3.2 Two-dimensional Molecular Dipole Dot Arrays on HOPG 
3.2.1 ClAlPc on HOPG 
  
Figure 3.1 (A) Ball and stick model of ClAlPc; (B) side view of ClAlPc on the 
substrate with Cl-up and Cl-down configurations. 









, the anion atom in the central group protrudes outside the 
molecular plane and exhibits a permanent dipole moment perpendicular to 
the molecular π-plane23. After adsorption onto the substrates, the molecules 
can adopt either up or down configurations with the O-atom or Cl-atom 
pointing towards the vacuum or substrate which depends on substrate and the 
coverage (Figure 3.1). As a consequence, these dipolar molecules can feature 
as the basic components in reversible molecular switches
24
 and serve as the 
inserting layers to tune the energy level alignment in organic devices
25
. The 
controllable construction of molecular dipole arrays would be of great 
interest for these fundamental applications.  
It is known that the relatively inert HOPG substrate can hold the 
π-conjugated molecules with uniform configuration and packing structures26. 
As shown in Figure 3.2A, bilayer co-exists with the monolayer at the initial 
growth of ClAlPc on the HOPG. The bright dotted island refers to the 




Figure 3.2 (A) STM image of the as-grown bi-layer and monolayer ClAlPc island 
on HOPG; Enlarge STM images showing the molecular configuration and packing 
structure of the bilayer (B) and monolayer(C) ClAlPc on HOPG respectively. 
Scanning parameters: (A) and (B) Vtip=2.8V, I=80pA; (C) Vtip=2.0V, I=80pA. 
domain without bright dots is the 2
nd
 layer ClAlPc molecules adopting the 
Cl-down configuration. The interlayer dipole-dipole attraction and the π-π 
interaction facilitate the 2
nd
 layer molecules to adopt the Cl-down 
configuration. In order to maximize the attraction and the π-orbital overlap, 
the Cl-down adsorbed ClAlPc molecules preferred to reside at the hollow 
sites of the monolayer. The high resolution STM image of the 2
nd
 layer 
ClAlPc (Figure 3.2B) shows the densely packed superstructure with a square 
unit cell of a1=b1=1.52nm. Annealing the as-grown ClAlPc molecules on 
HOPG at 373K for 20mins gives rise to the fully covered monolayer ClAlPc 
with the Cl-up configurations, and hence unidirectionally aligned molecular 
arrays can be realized with a square unit cell of a2=b2=1.52 nm which is 
steered by the interfacial π-π interactions27 (Figure 3.2C).  
In contrast, when adsorbing on metal surfaces of Au(111) and Ag(111), 
ClAlPc molecules can adopt both the Cl-up and Cl-down configurations, 
where the Cl-down configuration represents the molecule oriented with Cl 
atom pointing towards substrate surface and appearing as normal four-lobe 
pattern without central protrusion in STM images
19
. As shown in Figure 3.3 
A and B, the Cl-up adsorbed ClAlPc molecules intermix with the Cl-down 
adsorbed molecules without any apparently ordered dipole alignment. As 
compared to that on the inert graphite surface, the stronger metal-molecule 
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interfacial interactions can allow both Cl-up and Cl-down as energetically 
favorable adsorption configurations on metal surfaces. Therefore, inert 
graphite represents an idea substrate for the construction of orientationally 




Figure 3.3 Monolayer ClAlPc molecules on (A) Ag(111) and (B) Au(111), 
demonstrating the co-existence of Cl-up and Cl-down configurations. Scanning 
parameters: (A) Vtip=2.2V, I=91pA; (B) Vtip=1.8V, I=90pA.  
3.2.2 Tunable 2D Molecular Dipole Dot Arrays on Graphite 
 Tunable dipole dot arrays with controlled dipole density can be achieved 
through intermixing with F16CuPc. As shown in Figure 3.2(C), the dipole 
density (Cl-up configuration) for ClAlPc monolayer on graphite with a 




. Figure 3.4 A shows 
large scale STM image of the ClAlPc rich phase at ClAlPc: F16CuPc ratio of 
2:1. The four-leaf feature with a central dark hole represents the F16CuPc 
molecule.
32
 As revealed in its corresponding molecularly resolved STM 
image in Figure 3.4 (B), the ClAlPc dipole dot array with a Cl-up 
configuration possesses a unit cell with a1 = 2.36 ± 0.02 nm, b1 = 3.37 ± 0.02  
nm and α1 =68 ± 2°, through the inclusion of one F16CuPc molecule in the 




. This ClAlPc molecular 
dipole dot array is proposed to be stabilized via the formation of multiple 
intermolecular C−H…F−C hydrogen bonding between the periphery F atoms 
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on F16CuPc and H atoms on neighboring ClAlPc molecules
15
. To better 
understand the supramolecular packing structure of this molecular dipole dot 
array as well as the hydrogen bonding formation, we carried out MD 
 
Figure 3.4 (a) Large scale STM image of the binary network F16CuPc:ClAlPc on 
HOPG with an intermixing ratio of 1:2 (30×30nm
2
); (b) Molecularly resolved 10× 
10nm
2 
STM images of the molecular dipole arrays and the unit cell marked by the 
red frame; (c) MD snapshot of the 1:2 binary network. The optimized supercell as 
indicated by black dashed lines is a1 = 2.36 ± 0.03 nm, b1 = 3.37 ± 0.03 nm, and α= 
69 ± 3º, in good agreement with experiments. The red dashed lines indicate the 
possible intermolecular hydrogen bonds. 
simulations to obtain the molecular arrangement for this binary molecular 
network with local minimum in total energy. The MD snapshot is shown in 
Figure 3.4C. The red dashed lines highlight the possible weak intermolecular 
C-F
…
H-C hydrogen bonding with  F
…
H distance falling within 2.7Å as 
obtained from MD simulations
28
. The formation of such multiple 
intermolecular C−H…F−C hydrogen bonding can enhance the structural 
stability and rigidity of this ClAlPc molecular dipole dot array.
25,27
 
Reducing the ClAlPc: F16CuPc intermixing ratio to 1:1 results in the 





Figure 3.5A shows a typical STM image of this well-ordered molecular 





image in Figure 3.5B and its corresponding MD snapshot in Figure 3.5C, this 
ClAlPc dipole dot array has a unit cell of a2 ≈ b2 = 2.22 ± 0.02 nm and α2 =  
  
Figure 3.5 STM images of the binary networks F16CuPc:ClAlPc on HOPG with an 
intermixing ratio of 1:1. (A) 30×30nm
2
, Vtip=2.1V, I=0.09nA; (B) 10×10 nm
2
, 
Vtip=2.1V, I=0.09nA ; (C) The snapshot of MD simulation of F16CuPc and ClAlPc 
with intermixed ratio of 1:1.  
 
Figure 3.6 (a) STM image of the binary network of F16CuPc and ClAlPc on HOPG 
with an intermixing ratio of 2:1; (b) Magnified STM image; (Scanning parameters: 
(a) Vtip= 2.4 V, I=0.9nA, 50×50nm
2
. (b) Vtip = 2.4 V, I=0.9 nA, 10×10nm
2 
);(c) MD 
snapshot of the binary network with 2:1 intermixing ratio. Potential C-F
…
H 
interactions based on the experimental results are indicated by red dashed lines.  
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88º ± 2º. Each ClAlPc is surrounded by four F16CuPc molecules interlinked 
through multiple intermolecular C−H…F−C hydrogen bonding. Further 
reducing the ClAlPc:F16CuPc intermixing ratio to 1:2, we can fabricate 





 with the unit cell of a3 = 2.34 ± 0.02 nm, b3 = 3.28 ± 0.02 
nm and α3 =70 ± 2° as shown in Figure 3.6. As compared with the pure 
monolayer of dipolar molecules on graphite (highest dipole density), the 
tunable molecular dipole dot arrays via self-assembly of binary molecular 
system on graphite possess multiple intermolecular hydrogen bonds, and 
hence provides better structural stability and rigidity. As shown from the MD 
simulation (Figure 3.4C, 3.5C, 3.6C), the possible hydrogen bonds are 
lightened by red dashed lines. The dipole dot array with ClAlPc:F16CuPc 
intermixing ratio of 1:1 is the most energetic favorable nanostructure due to 
the formation of maximum intermolecular hydrogen bonds. The interfacial 
π-π interaction between the phthalocyanine molecules and the HOPG 
substrate played important roles in stabilizing the molecular superstructures 
on graphite surface. 
 The summary of the dipole density of these binary molecular networks 
on graphite as a function of the ClAlPc:F16CuPc relative ratio is shown in 
Figure 3.7. The simplified model showing the molecular packing structures 
of the molecular dipole dot arrays is displayed below each STM image. It 
clearly demonstrates the ability to tune the dipole density of the molecular 
dipole dot arrays with atomic precision. As compared with the pure 
monolayer films of dipolar molecules on graphite (the highest dipole density), 
the tunable molecular dipole dot arrays via self-assembly of binary molecular 
system on graphite are sustained through the formation of multiple 
intermolecular hydrogen bonding, and hence provides better structural 
stability and rigidity under the device working condition. By replacing the 
ClAlPc with other dipolar phthalocyanine molecules, such as VOPc, TiOPc, 
PbPc, etc, via this versatile approach, it is possible to construct various low 
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dimensional molecular dipole nanostructure arrays with different degree of 
permanent electric dipole. Moreover, this method also represents one 
promising approach to design molecular spin arrays by replacing the dipole 
molecule with magnetic phthalocyanine molecules
29
, such as MnPc, FePc. 
  
Figure 3.7 Molecularly resolved STM images of the ClAlPc dipole dot arrays with 
tunable dipole densities as a function of the mixing concentration ClAlPc:F16CuPc 
on HOPG surface (15×15nm2, Vtip=2.4V). The dipole densities and the dimensions 
of the unit cells are given. Proposed arrangements of ClAlPc dipole dot arrays with 
different ratio are shown below each image. 
The inter-dipole distance of the molecular dipole dot arrays, and hence 
the dipole densities, can be easily tuned with atomic precision by simply 
varying the relative ratio of both molecules. Moreover, the formation of 
multiple intermolecular C−H…F−C hydrogen bonding between F16CuPc and 
neighboring ClAlPc can further strengthen the stability and rigidity of these 
molecular dipole dot arrays for their potential application in molecular 
nanodevices. However, in the case of using individual molecules as active 
electronic components, and understanding the principles in single 
47 
 
molecule-based devices, it is necessary to avoid the crosstalk with the 
neighboring molecules. In particular, the periodic arrangement and 
well-defined binding geometry are the essential ingredients for the 
reproducibility of each molecule. An artificial substrate with uniform and 
periodic accommodation sites is ideal template to direct the formation of 
long rang ordered molecular arrays. 
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3.3 Substrate Reconstruction Mediated Unidirectionally Aligned 
Molecular Dipole Dot Arrays  
Molecular self-assembly on surfaces offers great promise as an efficient 
and flexible way for creating long-range ordered 2D supramolecular 
nanostructure arrays, steered and sustained via various intermolecular 
interactions at different length and strength scales, such as the hydrogen 
bonding discussed in the above section.  
Static surface nanotemplates with long-range ordered preferential 
adsorption sites, such as various reconstructed metal
30
 or semiconductor 
surfaces
31






, and so on, can 
selectively accommodate individual functioning molecules and hence the 
formation of molecular nanostructure arrays over the macroscopic area. 
However, in the field of single-molecule devices
33
, a number of issues should 
be addressed, such as spatially accurate atomic contact geometry
34
, 









preserving intrinsic single-molecule 
electronic properties
37
, configurational uniformity and structural robustness
38
. 
It is also known that functions of a single molecule, such as conductance or 
rectification
39, 40





 and so on, greatly rely on the surrounding medium of the 




Typically, how to ensure the functional 
elements free from the perturbation via the interactions with surrounding 
molecules or environment, and how to form well-defined binding geometry 
for individual molecule with the substrate is the key issues in particular, the 





with the latter is viewed as an essential ingredient for the 
reliability and reproducibility of single-molecule devices
45
. In this section, 
we use a dipolar molecule of vanadyl phthalocyanine (VOPc) as a model 
system to demonstrate the fabrication of unidirectionally aligned molecular 
dipole dot arrays on the 22×√3 herringbone reconstructed Au(111) surface, 
49 
 
and to investigate the molecule-metal binding geometry at the atomic scale. 
3.3. 1 Herringbone Reconstruction of the Au(111) 
 Differing from other FCC(111) noble metal surfaces, the Au (111) is 
renowned for its herringbone reconstruction with a super-cell of 22×√3 
(Figure 3.8A). The surface is contracted in the <1-10> which results in a 
sequence of bulk like FCC and faulted HCP stacking with a periodicity of 
L=63Å
46
. The unusual atomic arrangement is responsible for the low energy 
surface state electrons to be localized in the HCP segment; while high energy 
 
Figure 3.8 (A) STM image of herringbone-reconstructed Au(111) surface, the 
bulged and pinched elbows are highlighted; (B) Atomic-resolution STM image 
shows the FCC and HCP domain of Au(111). Scanning parameters: (A) 
50nm×50nm, Vtip=2.0V, I=90nA, and (B) 12nm×12nm, Vtip=0.5V, I=90nA; (C) and 
(D) Schematic illustrations show the in-plane atomic packing geometry at the 
bulged(C) and pinched (D) elbow site respectively. The red dots highlight the 
low-coordinated gold atom at each elbow site. 
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electrons tend to favor the FCC region
47
. Both the He scattering and STM 
experiments revealed more surface atoms stacking in FCC than HCP, which 
is consistent with the lower energy of FCC region than HCP
48
. The spatially 
varying electronic structures on the Au(111) surface can be ascribed to the 
reconstruction-induced electronic superlattice, which can be evidenced from 
that the HCP region of the reconstruction provides a broad, shallow 
electronic well, and 25meV deeper that the FCC region. The altered bridges 
between FCC and HCP regions form zigzag lines contain dislocation at each 
elbow sites where the soliton walls bend
48
. The STM images accompanied 
with the theoretical calculations have revealed that distinct surface confined 
dislocations could make each elbow sites much more reactive than other sites 
in terms of molecular adsorption and metal nucleation
49,50
. Figures 3.8C and 
D demonstrate the in-plane atomic packing structure at the bulged and 
pinched elbow sites respectively. The extra atomic row comes from HCP at 
the bulged elbow site; while it comes from FCC at pinched elbow site (green 
arrows) and it terminates at a low-coordinated gold atom (red-colored in 
Figure 3.8 C and D)
51, 52
. As a consequence, this low-coordinated gold atom 
is expected to serve as the preferable site for the accommodation of 
adsorbates with atomic precise
53
. 
3.3.2 Unidirectionally Aligned Molecular Dipole Dot Arrays of VOPc on 
Au(111)  
 VOPc, representing a class of versatile π-conjugated macrocyclic 
organic molecule, has drawn considerable attention in the applications of 




The central oxygen atom in VOPc 
protrudes outside the molecular plane by 1.617 Å, resulting a permanent 
molecular dipole of 2.79 Debye perpendicular to the molecular plane
56
. 
Molecular structure of VOPc is shown in Figure 3.9A. Moreover, this 
protruded oxygen atom can also serve as an atomic-precise binding site of 
the molecule to form well-defined geometry for the construction of 
functional molecular arrays
57
. Figure 3.9B shows the formation of 
51 
 
unidirectionally aligned molecular dipole dot arrays at 0.01 monolayer (ML, 
referring to a closely packed layer of flat lying VOPc molecules fully 
covered the Au(111) surface with their molecular π-plane parallel to the 
substrate) coverage. Isolated VOPc molecules predominantly adopt an 
O-down configuration with the phthalocyanine plane parallel to the substrate 
at the elbow sites, as indicated in the enlarged STM image in Figure 3.9C. 
The molecular orientation and the adsorption site can be identified in the 
atomically resolved STM image as shown in Figure 3.9D. The four-lobe 
feature with a central dark hole represents the O-down oriented single VOPc 
molecule. Two types of elbow sites exist on the surface and are classified as 
pinched and bulged elbows
51, 58
. Intensive theoretical and experimental 
results have revealed that an additional atomic row terminates with a 
low-coordinated gold atom at both types of elbow sites (Figure 3.8C and 
D)
52, 53
. Hence, the Au(111) surface with these dislocation sites can provide a 
platform for the fabrication of well-aligned molecular arrays with 
atomic-scale accuracy
59-61
. The unidirectional alignment of the molecular 
dipoles can be facilitated through the site- and configuration-specific 
adsorption of individual VOPc molecules on these elbow sites. The 
separation between the nearest adjacent VOPc molecules at the elbow sites in 
these unidirectionally aligned molecular dipole dot arrays is approximately 
8.16, 14.7 and17.2 nm along [11-2], [-110] and [1-10] directions respectively, 
indicating that no direct or indirect (substrate-mediated) intermolecular 
interactions occur (Figure 3.9C)
62-64
. 
To explore the distinct characteristics of unidirectional alignment of this 
dipole phthalocyanine at the elbow sites, the adsorption features of VOPc at 
the unfaulted FCC region were also probed. Figure 3.10 displays 
bias-dependent molecularly resolved STM images of the VOPc molecules on 
the elbow sites and the unfaulted FCC region. The four-leaf feature at the 
pinched elbow sites with a central dark hole possess the O-down 
configuration, labeled as (i); while the molecule with a central bright 
52 
 
protrusion represents an O-up oriented single VOPc molecule with the Pc 
plane parallel to the substrate at the FCC region, labeled as (ii); The observed 
molecular contrast for O-up and O-down oriented single VOPc molecules at 
different adsorption sites can be preserved under various tip bias. This means 
that the features of unidirectionally aligned VOPc 
 
Figure 3.9 (A) Top view and side view of VOPc molecular structure. The O atom of 
vanadyl group protruding outside the molecular plane exhibits a permanent dipole 
moment; (B) STM image of large scale (200nm×200nm) unidirectionally aligned 
molecular dipole dot arrays of VOPc on the reconstructed Au(111) surface; (C) 
Magnified STM image (45nm×45nm) shows that isolated VOPc molecules 
predominantly adsorbed at the elbow sites, the red dotted lines act as a guide to the 
eyes for the herringbone reconstruction. The distances between the nearest adjacent 
VOPc molecules are highlighted. Two types of elbow sites are labeled as pinched 
and bulged elbow sites; (D) Molecularly resolved STM image shows the O-down 
oriented single VOPc molecules at pinched and bulged elbow sites (15nm × 15nm). 




Figure 3.10 (A) to (D) Bias-dependent 15nm × 15nm STM images of the O-up and 
O-down adsorbed VOPc molecules on the Au(111) surface. The VOPc molecules 
adopt O-down configuration at the elbow sites (i); while it oriented with O-up 
configuration at the FCC region (ii). (E) and (F): Schematic illustrations of 
experimentally observed configuration for (i) at elbow site and configuration (ii) at 
FCC region. Scanning parameters: (A) Vtip=3.0 V, I=90pA; (B) Vtip=2.2V, I=90pA; 
(C) Vtip=1.5 V, I=90pA and (D) Vtip=1.0V, I=90pA. 
molecules at the elbow sites are due to the distinct molecular configuration 
(i.e., O-down configuration), rather than the effect of the electric filed
65-67
 or 







observed configurations at different sites are schematically shown in 
Figure3.10(E) and (F) based on the atomic-resolved herringbone 
reconstructed background. This clearly demonstrates that the isolated VOPc 
prefers O-down configuration at the elbow sites. The VOPc molecules at 
unfaulted FCC region with the O pointing toward the vacuum are mainly 




To further verify the structural stability of these O-down oriented VOPc 
molecules at the elbow sites, we increase the VOPc coverage to ~0.9 ML. As 
can be seen in Figure 3.11, the molecular configuration of isolated VOPc at 
the elbow sites is exactly identical with that highlighted in Figure 3.9D. The 
red circle as well as the arrow inside indicates the molecular orientation. The 
in-plane orientation of VOPc molecules at different regions (i.e., at the elbow 
sites and in the closely packed domains) varies from each other, as 
highlighted by the colored arrows in Figure 3.11A. One diagonal of the 
molecule in the closely packed island is aligned along the [11-2] direction of 
Au(111) (domain A in Figure 3.11A); while one of the diagonal of the 
O-down oriented VOPc at the elbow site rotates by 40° with respect to [11-2]. 
In these densely packed domains, VOPc molecules adopt either O-up 
(towards the vacuum) or O-down (toward the substrate) configurations. 
Intermolecular interactions play a vital role to stabilize the packing structures 
in these islands, e.g. Van der Waals forces. Meanwhile, the interaction 
between the π-orbitals of Pc and the d electrons of Au would be dominant at 
the substrate-molecule interface.  
VOPc molecules can adopt two different configurations due to the 
non-planar molecular structure. The O-up oriented VOPc possesses a shorter 
distance between the Au(111) surface and phthalocyanine molecular plane, 
and hence stronger interfacial interaction. This could explain that 90% VOPc 
molecules adopt the O-up orientation in these densely packed islands. Such 




Figure 3.11 (A) STM image of 0.9 ML VOPc molecules on Au (111) surface. The 
lattice vector of the substrate is given for comparing the relative orientation of 
molecules at different domains. The red circles indicate that the molecular 
configuration of the O-down oriented VOPc molecules at the bulged elbow sites is 
unchanged after further increasing the coverage; (B) Enlarged STM image of the 
closely packed VOPc islands in domain A. Rectangular unit cell size: a1 = 1.52 ± 
0.02 nm and b1=1.73± 0.02 nm. Scanning parameters: (A) 20nm × 20nm, (B) 10nm 
× 10nm, Vtip=2.2V, I=100 pA for both images. 
rectangular unit cell of a1 = 1.52 ± 0.02 nm and b1=1.73± 0.02 nm as shown 
in the magnified STM image in Figure 3.11B, differing from the previously 
reported ordered monolayer of metal phthalocyanines on Au (111)
70
. 
Furthermore, we did not observe the molecular diffusion or the alternation of 
the molecular orientation of the VOPc at the elbow sites from the O-down 





suggests the existence of a relatively strong interaction between the O-down 
oriented VOPc and the Au surface at the elbow sites. Taking the optimized 
adsorption configuration into account, the oxygen atom residing atop a single 
gold atom at the elbow site was found to be the most energetically favored 
(Figure 3.12), which is stabilized through the formation of Au-O bond with 
the bond length of about 2.51Å (Figure 3.12B). In order to elucidate the 
nature of this Au-O bond, spatially resolved charge density difference (  ) 
map was calculated according to  
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)( AuMAuM    ,  
where AuM   
is the charge density of VOPc-Au system, 
M  and Au  
are 
the charge density of the free VOPc molecule and the clean Au surface, 
respectively. Figure 3.13A shows the plotted charge density difference maps, 
indicating that the charge distribution concentrates in the vanadyl oxygen 
atom and the bonded gold atom. A significant charge depletion can be 
observed along the V=O bond, as well as the gold atom underneath the 
adsorbed VOPc with O-down configuration. This is accompanied by an 
electron accumulation in the vanadyl oxygen atom. This charge 
redistribution indicates the formation of a weak covalent bond between 
oxygen atom and the underneath Au atom. Figure 3.13B shows the total 
density of states (DOS) of Au(111) surface with and without the adsorbate. 





Clearly, the DOS of Au is significantly altered by the adsorption of 
the VOPc with O-down configuration, indicating that the d-electrons in the 
substrate contribute substantially to the formation of Au-O bond. Moreover, 
the LUMO of VOPc are characterized by the highly delocalized LUMO π* 
on the macrocyclic plane and an O 2p orbital (Figure 3.13C). Therefore, 
electrons can spill out from the surface Au atoms to the O-localized LUMO,    
 
Figure 3.12 (A) Top and (B) side view of the optimized adsorption configuration for 
the observed VOPc molecule at the elbow sites. VOPc molecule resided atop of a 




Figure 3.13 (A) Charge-density difference plot (isovalue=0.01 e/Å
3
), which is 
calculated by: Δρ=ρ(M@Au) - (ρM+ρAu). Regions of electron accumulation and 
depletion are in blue (+) and red (-) respectively; (B) Total density of states (DOS) 
for Au (111) surface without VOPc (red line) and after adsorption of VOPc (blue 
line); (C) The calculated LUMO of neutral VOPc molecule in the gas-phase. 
and, hence isolated O-down adsorbed VOPc molecule with the oxygen 
residing on atop a gold atom at the elbow site is the most energetically 
favorable. Furthermore, the dislocation sites can transfer the periodicity 
through the site specific adsorption and selective configuration to form 
unidirectionally aligned functional structures. 
3.4 Summary 
 Construction of unidirectionally aligned molecular arrays has been 
realized via the self-assembly of binary molecular networks or based on the 
site-specific adsorption on the artificial substrates with the periodic 
adsorption sites to accommodate the adsorbates with uniform configurations. 
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The formation of multiple intermolecular C-H...F-C hydrogen bonding 
between the F16CuPc and the ClAlPc can strengthen the stability of the 
registry of the molecular dipole dot arrays, which shows potential 
applications in molecular nanodevices. However, the realization of 
single-molecule based nanodevices would be hindered due to the embedding 
individual molecules into the 2D networks with the probable crosstalk with 
the neighboring molecules. The herringbone-reconstructed Au(111) 
substrates with regular elbow sites which can accommodate the VOPc 
molecules at the elbow sites show great potential in constructing single 
molecular arrays with high reproducibility and uniformity. Furthermore, the 
functionality of the phthalocyanine molecules can be potentially tuned by 
selecting different central metal ion. The methods presented here can be 
applied to other phthalocyanine molecules and their derivatives to realize the 
unidirectionally aligned molecular arrays with tunable functionalities. 
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Chapter 4 The Effect of Interfacial Interactions on the 
Molecular Ordering and Dipole Alignment of Nonplanar 
Phthalocyanine Monolayer 
4.1 Introduction 
A variety of the interfacial properties between organic species and 
supporting substrates such as the energy level alignment
6-8
, the coupling 
strength between the molecule and substrate
9, 10
, the morphology of the 
organic thin film
11-13
, the molecular orientation and domain size
11, 14-16
 are 
crucial factors in determining the performance of organic electronics
1-5
 when 
being used as functional layers in organic field effect transistors (OFETs)
17, 18
, 




 (OPV). Extensive 
studies of the interfaces between functional π-conjugated molecules and 
different substrates have been performed so as to optimize the preparation of 
well-ordered organic superstructures
23-25
. The nonplanar, dipolar VOPc 
molecules have long been regarded as a promising candidate for OFET due 
to its bulk triclinic crystal structure, in which the significant π-π orbital 
overlap facilitates efficient charge transport along the π-stacking direction26, 
27
. However, when these molecules being deposited on the substrate, both the 
molecular ordering and dipole alignment can influence the electronic 
properties of dipole/metal interface
28, 29
 . This is also essential for the 
optimization of new hybrid organic-inorganic heterostructures
30-32
. 
Meanwhile, the presence of intrinsic dipole moments in these nonplanar 
molecules would dramatically affect their packing arrangement on the 
substrates
24, 33-36
. For example, the donation and back-donation of electrons 
in the nonplanar SnPc on Ag(111) result in the temperature and coverage 
dependent ordered/disordered phase transition
24
. Flux selection of dipolar 
TiOPc (has similar structure with VOPc) on the Ag(111) surface can form 
three distinct monolayer structures that are derived from local intermolecular 
electrostatic interactions
37, 38
. In view of these factors, molecular packing 
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structure and interfacial properties of VOPc on different substrates represent 
the prototype to study the substrates effects on molecular adsorption, packing 
geometry and dipole alignment under different conditions. These are also the 
focus of this chapter. 
4.2 VOPc on HOPG 
The VOPc molecule exhibits a dipole moment of 2.27 D which is 
perpendicular to the molecular π-plane34. The crystal structure comprising of 
convex and concave pairs is significantly overlapped The intermolecular 
distance is about 3.145Å and 3.211 Å in the convex and concave pair 
respectively, leading to effective π-π interaction along the stacking directions 
(Figure 4.1A)
27
. After deposition onto the HOPG substrate at room 
temperature (RT), only the monolayer VOPc molecules with uniform O-up 
configuration can be formed. This is in contrast to the growth behavior of 
ClAlPc on HOPG. Densely packed bilayer with Cl-down configuration and 
the monolayer coexist on the HOPG after deposition of ClAlPc at RT
39, 40
. 
This difference can be ascribed to the smaller dipole moment of VOPc in 
compare to that of the ClAlPc (3.7D)
34. The interfacial π-π interaction 
between O-up adsorbed VOPc molecules and the graphite surface exceeds 
the interlayer dipole-dipole attraction between interlayer VOPc molecules 
adopting opposite dipole alignment. As shown in Figure4.1B, the four-lobe 
centered with a bright dot represents a single VOPc molecule with O-up 
configuration. The central O-atom appears much brighter under negative tip 
bias due to the delocalized LUMO state at the central O-atom (Figure 4.1C)
41
. 
The densely packed monolayer with predominant O-up configuration, 
forming the unidirectionally aligned molecular dipole arrays with 
well-defined intermolecular distances represented by a square unit cell of 
a1=b1=1.52nm. Increasing the coverage to 1.5 ML results in a close-packed 
2
nd
 layer VOPc molecules adopting the O-down configurations (Figure 4.1D). 




Figure 4.1 (A) Schematic of the most favorable triclinic crystal structure of VOPc, 
a=12.027 Å, b= 12.571 Å, c=8.690 Å, α=68.2o,β=94.8o,γ=68.2o, the concave and 
convex molecular pairs are indicated; (B) and (C) negative and positive tip bias 
STM image of the monolayer VOPc on HOPG respectively; (D) Bilayer VOPc on 
HOPG with the O-down configuration Scanning parameters: B: Vtip=2.6 V, I=68pA, 
C: Vtip=-2.5V, I=77pA, D: Vtip=2.8V,I=70pA. 
VOPc molecule, and the bright squares at the connections of neighboring 
VOPc molecules are the overlapped lobes. The packing structure, molecular 
configuration, orientation and adsorption site of the 2
nd
 layer VOPc are 
identical with the dipole ClAlPc molecules on HOPG
39, 40
. It can be 
concluded that the smooth surface potential of graphite surface ensures the 




4.3 VOPc on Au(111) 
The site-specific adsorption of VOPc on the herringbone reconstructed 
Au(111) surface at 0.05ML has shown that the VOPc molecules 
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predominantly reside at the elbow sites with O-down configuration, 
exhibiting unidirectionally aligned molecular dipole arrays (section 3.2). 
However, both the O-up and O-down configuration can be observed for 
VOPc on the Au(111) surface at ~1ML as shown in Figure 4.2A and the 
enlarged molecularly resolved STM image of Figure 4.2B. Within the single 
reconstruction domain, VOPc molecules pack along the [1-10] and [11-2] 
into a highly ordered pattern. The domain boundaries highlighted by the 
orange dotted lines are along the elbow sites. The ordered pattern within each 
domain exhibits mirror symmetry of 25° with respect to the [1-10] direction 
of the substrate (along the line of the elbows, Figure 4.2A). A representative 
STM image of Figure 4.2B shows the unit cell size and the molecular 
configurations within one single reconstruction domain. The four-lobe with a 
central bright dot represents an O-up orientated VOPc; while the molecule 
with a dark center is assigned to a VOPc with the O-down configuration. The 
assignments of molecular configuration are in contrast to the recently 
reported TiOPc on Au(111)
26
. The TiOPc is also flat lying on the surface and 
possessing dark or bright center as well. The authors concluded that the 
surface reconstruction modulated the electronic properties of the central 
titanyl group, resulting in the different appearance
26
. However, in the case of 
VOPc molecule, which is chemically similar to TiOPc
43
, the different 
appearances of the flat-lying 1
st
 layer molecules in the STM images are 
ascribed to the molecular configuration with the O atom pointing towards the 
surface or vacuum. Conclusive evidence will be provided below.  
Further deposition of VOPc under the same experimental conditions 
initiates the orientation transition from flat-lying to tilting molecular islands 
as shown in Figure 4.2C. Closing up to the detailed packing structure of the 
brighter islands in Figure 4.2C displays strikingly different topographic 
features comparing with the flat-lying 1st layer and bilayer VOPc on HOPG 




Figure 4.2. (A) 0.95 ML VOPc on Au(111), ordered flat lying island of VOPc on the 
reconstructed Au(111) surface, the domains are isolated by the line along the elbows; 
(B) enlarged STM image showing the square unit cell and the orientation of 
molecules as imposed in (A); (C) Orientation transition from flat-lying to tilting; (D) 
High-resolution STM image of the tilted VOPc island on Au(111). The unit cell was 
highlighted by the red rectangle. Scanning parameters: (A) Vtip=2.2V, I=100pA; 
(B)Vtip=2.8V, I=90pA; (C) Vtip=2.7V, I=90pA; (D) Vtip=2.7V, I=90pA. 
hexagonal network as seen from the enlarged STM image of Figure 4.2D. 
Barlow et al., presented identical STM image of VOPc on Au(111), and they 
assigned it to the flat lying VOPc with a nodal plane across the molecule, 
which is attributed to the inhibiting charge transfer of the central oxygen
44
. 




 layer and these 
tilted molecular islands, the appearance as well as the molecular height 
significantly differs from each other (Figure 4.2 C and Figure 4.3). Similar 




Figure 4.3. (A) STM image of the co-existence of the flat-lying 2
nd
 layer and tilting 
VOPc island on HOPG; (B) the line profile shows the relative height of the 
flat-lying 2
nd
 layer and tilting islands as highlighted in A; (C) high resolution STM 
image of the domain boundary between the upstanding island and the flat-lying 2
nd
 
layer, demonstrating the different topology feature of VOPc at different 
configurations. Scanning parameters: (A) Vtip= 2.5V, I=80pA; (C) Vtip=2.65V, 
I=96pA. 
multilayer FePc on Au(111)
45
 and SnPc on NaCl film on Au(111)
46
, both of 
which are ascribed to the tilted molecules, because of that the two tilted 
isoindole groups of individual molecules are visible as protrusions. Moreover, 
these tilted VOPc molecules directly adsorb at the Au surface instead of on 
the flat-lying 1
st
 layer (Figure 4.4). As representatively shown in Figure 4.4 A 
and B, tilted molecules directly adsorb on the gold surface without the 
formation of flat-lying monolayer at a relatively higher deposition rate. In 
particular, the herringbone reconstruction of the Au(111) substrate still can 
be clearly visible, indicating the weak interfacial interactions between the 
tilted molecules and the Au substrate. The edges of the tilted island can be 
distinctly revealed as shown in Figure 4.4D.  
Figure 4.5A schematically depicts the packing structure of the tilted 
molecules based on the high-resolution STM image (Figure 4.5B). The 
distances between the bright dots are in the range of ~0.68 to ~0.82nm. The 
neighboring two spots with the distance of ~0.68 nm can be ascribed to one 
tilted VOPc (yellow ellipsoid), because of that the two isoindole groups of 
individual molecules are visible as protrusions. Efficient π-π stacking can be 




Figure 4.4. Growth of VOPc on Au(111) surface at a high deposition rate of 
0.5ML/min. Representative STM images show the formation of tilting islands 
before the formation  of well-ordered flat-lying pattern.(A) and (B) 0.2 ML VOPc 
on Au(111), tilting islands surrounded by isolated flat-lying molecules at the edges; 
(C) STM image shows no lifting of the herringbone reconstruction beneath the 
tilting island; (D) high-resolution STM image demonstrates the edge of the tilting 
island. Scanning parameters: (A) Vtip=1.9V, I=90pA; (B) Vtip=1.9V, I=90pA; (C) 
Vtip=1.6V,I=90pA; (D)Vtip=1.9VI=90pA.  
VOPc molecules as shown in the schematic model with a distance of ~3.4Å. 
The distance between the neighboring spots measured from the STM 
topography is ~0.81nm (highlighted in Figure 4.5 B), so a tilted angle of 
~25° can be calculated. A rectangle-like unit cell with the size of a=1.51nm, 
b=1.83nm is indicated, comprising of two tilted VOPc molecules. This 
different packing geometry comparing with that in the bulk crystal indicates 




Figure 4.5 (A) Schematic diagram of the packing structure of VOPc molecules in 
the tilted islands. The co-facial overlap of the lobes is highlighted by the gray color. 
Bottom: the side view showing the π-π stacking with a distance of ~3.4 Å. The 
bright spots appearing in the STM topography have an average distance of ~8.2Å as 
measured, so it can be calculated that the molecules inclined ~25° with respect to 
the substrate; (B) Unit cell of the up-standing VOPc island. Scanning parameters: 
(B) Vtip=2.7V, I=90pA. 
The ordered and densely packed monolayer of VOPc on Au(111), and in 
particular the orientation transition from flat-lying to tilting after increasing 
the coverage clearly indicates the relatively weak interactions between the 
flat-lying VOPc molecules and the Au (111) surface.  
Comparing with monolayer VOPc on HOPG surface, the 
molecule-substrate interaction would be weaker than that on Au(111). 
However, there is no orientation transition under the similar growth 
conditions with that on HOPG. The main difference would be the existence 
of defects or grain boundaries on the monolayer VOPc on the Au(111) 
surface, in particular at the elbow sites. We propose that the defects around 
the elbows act as the nucleation sites for these tilted molecules, and further 
initiate the orientation transition. Moreover, these tilted islands are mainly 
stabilized by the intermolecular dipole-dipole attraction, and efficient π-π 
interactions to form the preferred crystal structure. 
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4.4 VOPc on Ag(111) 
 
Figure 4.6 (A) ~0.9 ML VOPc on Ag(111), ordered and disordered flat lying island; 
(B) enlarged STM image showing the  square unit cell and the orientation of VOPc 
molecules  within the ordered island, two stripes of molecules adopt different 
configurations with a misorientation angle of 10° were indicated by α and β; (C) 
high resolution STM image showing the detailed atomic and electronic structure of 
the O-up and O-down adsorbed VOPc molecules at the same area of (B); (D) 
Orientation transition from flat-lying to tilting, and the flat-lying 2nd layer, the line 
profile (E) crossing the two islands shows the distinct height difference; (F) 
High-resolution STM image showing the domain boundary of the titling and 
flat-lying 2
nd
 layer, the topology of the 2
nd
 layer was almost identical with that on 
HOPG surface. Scanning parameters: (A) Vtip=2.2V, I=100pA; (B) 
Vtip=1.2V,I=75pA, (C) Vtip=-0.2V,I=80pA, (D) Vtip=2.0V, I=90pA. (E)Vtip=2.7V, 
I=90pA; (F) Vtip=2.7V, I=90pA. 
In comparison, one striking feature of VOPc on Ag(111) comparing with 
that on Au(111) is the disordered packing at the coverage to ~0.9ML as 
demonstrated in the STM image of Figure 4.6A. It is clear that the disordered 
phase is predominately composed of the O-down adsorbed VOPc molecules, 
within which the intermolecular repulsion forces these O-down VOPc 
molecules to be isolated and randomly dispersed. Zoom in scan of the 
ordered pattern reveals a square unit cell with a size of a2=b2=2.12nm 
(Figure 4.6B), comprising of two molecules with a different rotation angle of 
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10°. Although no dipole ordering forms within these ordered islands, 
alternatively packed molecular stripes with different in-plane orientation can 
be found as indicated by α and β stripes respectively. Further deposition of 
VOPc onto the Ag(111) leads to formation of both the tilted molecular 
islands and the flat lying 2
nd
 layer VOPc molecules, as shown in Figure 4.6C. 
The flat-lying 2
nd
 layer molecules adopt the same configuration as that on the 
HOPG surface with the O atom pointing towards the substrate(Figure 4.6F 
left side); while the tilted molecular islands have an identical packing 
structure with that on the Au(111) surface (Figure 4.6F right side).  
Statistical characterizations of the surface structure after increasing 
coverage show that the disordered 1
st
 layer disappears after the formation of 
these tilted islands; whereas the flat lying 2
nd
 layer VOPc molecules 
predominantly decorate on the top of the ordered 1
st
 layer islands. We 
conclude that the orientation transition from flat-lying to the tilted VOPc 
molecules on Ag surface mainly occurs at the disordered phase as a result of 
the high surface entropy of these disordered molecules
48
. The formation of 
disordered phase composed of predominate O-down adsorbed VOPc 
molecules, followed by the transition to tilted islands after increasing the 
coverage may indicate an intermolecular repulsion between the molecules 
and Ag(111) substrate stemming from the charge transfer. However, ordered 
islands composed of mixed O-up and O-down adsorbed VOPc molecules in a 
short-range ordered pattern can compensate the repulsion and be stabilized 
on the surface without the orientation transition. The formation of disordered 
phase composed of O-down adsorbed VOPc, and the comparable ratio 
between the tilted islands and the flat-lying 2
nd
 layer VOPc molecules 
indicate stronger interactions between the flat-lying VOPc molecules and the 
Ag substrate than that on Au(111) surface.  
4.5 VOPc on Cu(111) 
 The interactions between the phthalocyanine molecules and the Cu(111) 
surface are much stronger than that of the Ag(111) and Au(111) systems 
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because of the increased charge transfer effects
49-51
. The molecule-substrate 
interactions would govern the adsorption process and determine the 
molecular configuration as well as the dipole alignment for the non-planar Pc 
molecules. In particular, the dipole alignment dependent intermolecular 
repulsion or attraction induced by the interfacial charge transfer between the 
molecules and substrates would be one of the dominant factors in 
determining the packing structure and electronic properties
24, 52, 53
, and also 
in influencing the structure of the 2
nd
 layer molecules. 
The submonolayer growth of CuPc on Cu(111) surface has been 
investigated by using high-resolution low-energy electron diffraction (LEED) 
and photoelectron spectroscopy
51
. The results show that larger charge 
transfer induces charge redistribution in the CuPc molecules, inducing an 
in-plane quadrupole moment on the molecules. The attractive intermolecular 
electrostatic interactions can supersede the repulsion stemming from the 
interfacial accumulated charges and lead to the formation of linear chains at 
low coverage and ordered islands at higher coverage. However, in the case of 
non-planar Pc molecules, such as SnPc, which can adopt Sn-up and Sn-down 
configurations with the Sn atom pointing toward the vacuum and substrate, 
the intermolecular interactions and the molecular packing structures would 
be changed. The origin of the intermolecular repulsion between the 
unidirectionally aligned Sn-down adsorbed SnPc molecules on Ag(111) has 
been ascribed to the donation and back donation between the HOMO-Sn, 
LUMO-organic ligand and the Ag substrate; however, these unidirectionally 
aligned molecular arrays of SnPc-down on Ag can be stabilized even in the 
presence of repulsion. Furthermore, the mixed Sn-up and Sn-down adsorbed 
SnPc molecules can efficiently reduce the repulsion to form long range 
ordered molecular structures. The above discussed phenomena would be 
applied in the case of the non-planar VOPc on the Cu(111) as well. 
Comparing with the previous reported LEED and photoelectron 
spectroscopy results, in-situ LT-STM can provide nanoscale information to 
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show the configuration of individual molecules and the packing structures of 
the molecules on the surface
54, 55
. In this section, the dipole alignment 
dependent aggregation of VOPc molecules on the Cu(111) surface will be 
presented. The charge redistribution onto the four lobes of O-down adsorbed 
VOPc molecules is distinctly revealed based on the bias-dependent STM 
images. The VOPc monolayer on Cu(111) shows two different packing 
structures with distinct unit cells comprising of purely O-down adsorbed 
VOPc and mixed O-up and O-down adsorbed VOPc respectively. The 2
nd
 
layer VOPc possesses a short range ordered √2×√2R30° structure with 
respect to the monolayer molecules. 
 Figure 4.7 shows an overview of the adsorption behavior of the VOPc 
on Cu(111) at ~ 0.2ML. Figure 4.7 A and B demonstrates a terrace and a step 
edge which are decorated by the VOPc molecules at the coverage of ~0.2ML 
respectively. It is clear that VOPc molecule can adopt both O-up and O-down 
configurations with a ratio of 1:1. The four-lobe featured with a central 
bright dot can be ascribed to O-up adsorbed VOPc with the O-atom pointing 
towards vacuum; while the molecules with brighter four-lobe and no central 
bright dot can be ascribed to the O-down configuration. It is worth 
mentioning that the O-up adsorbed VOPc molecules are quite stable without 
disturbing under different scanning conditions; while the isolated O-down 
adsorbed VOPc molecules appear blurry and diffuse during the sequential 
scans as representatively demonstrated in Figure 4.7 C and D. Moreover, the 
O-down adsorbed VOPc molecules tend to aggregate into linear chains. As 
shown in Figure 4.7A and B, dimers, trimers and other chains can be 
distinctly revealed which are composed of O-down adsorbed VOPc 
molecules. Figure 4.7 C and D show two linear chains composed of five and 
three O-down adsorbed VOPc molecules respectively. All the molecules 
within the chains adopt identical orientation with an intermolecular distance 
of~1.75nm, which is approximately 4√3 times of the Cu(111) substrate 




Figure 4.7 STM image of ~0.3 ML VOPc molecules adsorbed on a terrace of 
Cu(111) surface (A) and near a step edge (B); (C) and (D) Enlarged STM images 
recorded sequentially to show the diffusion of the isolated single O-down adsorbed 
VOPc molecules, stabilization of the O-up adsorbed VOPc, and the formation of 
linear chains composed of VOPc-down. Scanning parameters: (A) Vtip=1V, I=85pA, 
50×50 nm
2
, (B) Vtip=0.6, I=80pA, 50×50 nm
2




both the interfacial interactions with the Cu(111) lattice and the 
intermolecular interactions (see below).  
Figure 4.8A shows the O-up adsorbed 4-fold symmetric VOPc and a 
linear chain composed of the O-down adsorbed VOPc. Enlarged STM 
images of individual O-down (Figure 4.8B) and O-up (Figure 4.9C) adsorbed 
VOPc molecules show that the lengths of the lobes in both cases are equal; 
while one pair of the lobes of the VOPc-down is brighter than the 
perpendicular one under the scanning tip voltage ranging from -2.0 to 2.0V. 
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The observed asymmetry of the O-down adsorbed VOPc molecules is clearly 
not a geometric but an electronic effect, i.e., inequivalent charge 
redistributions onto the four lobes.   
It is necessary to recall that the molecular orbital of VOPc can be 
characterized by a HOMO delocalized on the organic macrocycles and a 
doubly degenerate LUMO highly delocalized on the organic macrocycles. 
Moreover, another unoccupied state is also delocalized on the O 2p atomic 
orbital. After adsorbing onto the Cu(111) surface with the O-atom pointing 
towards the substrate, electron injection from the substrate into the 
delocalized O orbitals can be expected. The electrons can further donate 
from the O to V, and then back-donate into the four-lobe of phthalocyanine 
via the V-N bonds. However, the central four aza-N-V bonds vary from each 
other due to the bond configuration of the aza N-atoms. As schematically 
shown in Figure 4.8 D, two pairs of lobes can be identified as the N-bonded 
(B-lobe) and N-non-bonded (NB-lobe) respectively. The former one refers to 
the bonded N forming two bonds within the five-numbered C4N ring; while 
the latter one refers to the bonded N forming three bonds in the C4N ring. It 
 
 Figure 4.8 (A) STM image demonstrates the orientation of the VOPc molecules 
adopting O-up and O-down configurations; (B) and (C) enlarged STM image 
showing the O-down and O-up adsorbed VOPc molecules with the equal length of 
the four-lobes, however, one pair of lobes appear brighter than the perpendicular 
pair for the O-down VOPc as shown in (B); (D) molecular structure of the VOPc 
molecule, showing the bonded lobe (B-lobe) with the V-N bond, and the nonbonded 
lobe (NB-lobe) with the V
…
N bond; E. Schematic models show the O-down and 
O-up configurations of VOPc adsorbed on the Cu(111) surface. Scanning 
parameters: (A) Vtip=0.1V, I=80pA, 10×10 nm
2
, (B) and (C) Vtip=0.1V, I=80pA. 
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is known that the maximum number of bonds for N atom is three because of 
the outmost electrons. So the V-N bond on the NB-lobe would be coordinate 
bond; while another pair is strong ionic bond (red lines). Consequently, the 
inequivalent charge redistribution onto the four lobes can be expected. In the 
case of O-up adsorbed VOPc molecule, the interaction between the molecule 
and the Cu substrate would be through the inner aza-N-atoms and the 
outmost benzene rings. The STM topography of these O-up adsorbed VOPc 
molecules on Cu(111) surface is dramatically changed due to the strong 
coupling with the substrate. Moreover, the reserved 4-fold symmetry would 
suggest the pseudo-identical atomic environment underneath.  
 Ordered islands comprising of purely O-down adsorbed VOPc 
molecules can be formed after increasing the coverage to ~0.8ML as 
indicated by the yellow arrows in Figure 4.9A. The O-up adsorbed VOPc 
molecules are still randomly dispersed over the other areas as shown in 
Figure 4.9B. Figure 4.9C shows the boundary between an ordered island and 
the disordered O-up adsorbed VOPc molecules. It can be seen that the 
ordered islands are purely composed of O-down adsorbed VOPc molecules. 
Bias-dependent STM images of these ordered O-down adsorbed molecules 
are presented in Figure 4.9 D-E. The molecular chains composed of 
symmetry-reduced O-down VOPc molecules alternately pack into 
well-ordered islands, possessing a rectangle unit cell with a size of 
a=1.77nm±0.02nm, b=2.88nm±0.02nm.  
As indicated in Figure 4.9D, the intermolecular distance within the same 
chain is 1.77nm; while the value decreases to 1.55 nm for the inter-chain 
molecules with different orientations. High resolution STM image of 
Figure4.9E shows the distinctly asymmetry charge distribution of the 
five-member C4N rings in the bonded and non-bonded lobes of these 
O-down adsorbed VOPc molecules. As such, the depicted model of these 
asymmetric-charged molecules is presented in Figure 4.9F. The red ellipsoids 
represent the bright lobes in Figure 4.9E, and the green ellipsoid highlights 
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Figure 4.9 (A) STM image of ~0.8 ML VOPc on Cu(111), ordered islands evolved 
as indicated by the yellow arrows; (B) O-up adsorbed VOPc molecules randomly 
dispersed on Cu(111) surface, while ordered islands composed of O-down adsorbed 
VOPc can be observed; (C) boundary between the ordered islands and the randomly 
dispersed O-up adsorbed VOPc; (D) zoom-in scan showing the packing structure of 
the ordered islands composed of purely O-down adsorbed VOPc molecules; (E) 
high resolution STM image showing the symmetry-reduced O-down VOPc; (F) 
Schematic model demonstrates the relative position of the 2-fold symmetry reduced 
VOPc-down, the green ellipsoid highlights the possible electrostatic attraction 
between the oppositely charged benzene rings. Scanning parameters: (A) Vtip=2V, 
I=80pA, 80×80nm
2
; (B) Vtip=2V, I=80pA, 40×40nm
2
; (C) Vtip=2V,I=80pA, 
20×20nm
2
 ;(D) Vtip=2V,I=80pA, 12×12nm
2
 ; (E) Vtip= -0.2V, I=80pA, 8×8nm
2
. 
the probable electrostatic attraction between the nearest lobes with opposite 
charge. As shown in Figure 4.7C and 4.8A, the O-down adsorbed VOPc 
molecules show the commensurate growth on Cu(111) substrate, where the 
intermolecular electrostatic interactions may also play important roles in 
stabilizing the formation of the unidirectionally aligned VOPc-down chains. 
Moreover, the molecular orientation in the neighboring chains is also 
determined by the surrounding molecules. For example the head-to-head 
contact of the two lobes of the central VOPc molecule in one unit cell can be 
ascribed to the favorable electrostatic attraction due to the in-plane 
quadrupole moment of the asymmetry-charged VOPc molecules (green 
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ellipsoid). The molecules within the neighboring chains rotate by 5° and 
adopt a reversed symmetry of the inequivalently charged lobes with respect 
to the molecules in neighboring chains. The intermolecular distance between 
the molecules in different chains is ~1.55 nm (as shown in Figure 4.9D), 
which is approximately close to 6 times of the Cu(111) substrate lattice 
(6×0.257nm=1.542). It can be concluded that the ordered packing of these 
O-down adsorbed VOPc molecules is stabilized by the relatively strong 
molecule-substrate interactions, i.e., the molecule-substrate charge transfer 
effect and the intermolecular electrostatic attractions. 
 Further increasing the coverage can generate more ordered molecular 
patterns occupying nearly ~70% of the surface, as shown in Figure 4.10 A. 
Besides the ordered island composed of purely O-down adsorbed VOPc 
molecules, another ordered pattern composed of the mixed O-down and 
O-up adsorbed VOPc molecules is formed at the coverage of ~1ML. The 
yellow and red dashed arrows highlight these two different types of ordered 
molecular patterns, which can be clearly observed from the enlarged STM 
images in Figure 4.10 C and 4.10 D. Almost all the molecules in the mixed 
island adopt identical orientation which is quite different from the ordered 
pattern composed of purely 2-fold symmetry O-down adsorbed VOPc 
molecules. Figure 4.10E demonstrates an ordered pattern composed of the 
O-up and symmetry-reduced O-down orientated VOPc molecules. Obviously, 
the molecules adopt the identical lobe-orientation, and the O-down adsorbed 
VOPc molecules in the neighboring chains also exhibit the identical 
topography without reversing the direction of the symmetry-reduced lobes. 
Such kind of mixed ordered patterns composed of both the O-up and O-down 
VOPc molecules would occupy nearly 80% in all the ordered islands, and be 
even more by further increasing the coverage. The intermolecular distance 
decreases to ~1.53nm (~6×Cu-Cu(111) lattice=1.542 nm) in these densely 




Figure 4.10 (A) STM image of ~1ML VOPc molecules on Cu(111), more ordered 
islands can be formed; (B) domain boundary between two different types of ordered 
molecular pattern; (C) one ordered pattern composed of purely O-down adsorbed 
VOPc molecules; (D) mixed O-up and O-down VOPc molecules formed an ordered 
molecular pattern; (E) ordered islands composed of O-up and O-down VOPc 
molecules with a square unit cell of a=b=1.53nm; (F) statistical data 
representatively shows non linear chain composed of pure O-up or O-down 










 ; (E) Vtip= -0.5V, I=70pA, 10×10nm
2




shown in Figure 4.10E. In contrast, neither ordered molecular pattern 
composed of purely O-up adsorbed VOPc molecules, nor the linear chains 
composed of purely O-up or O-down adsorbed VOPc along the dense 
packing directions have been observed as seen from Figure 4.10 F. However, 
the origin of the randomly dispersed features of these identically aligned 
O-up adsorbed VOPc molecules is still not very clear. Here are several 
possible reasons: firstly, the Cu(111) substrate is well-known for its substrate 
mediated interaction effect on the adsorbates, in particular for these dipole 
molecules with the identical dipole alignment. In analogy to the dipole 
Ir(PPy)3 on Cu(111), the distribution of the Ir(PPy)3 without formation of 
ordered pattern has been ascribed to the substrate mediated dipole-dipole 
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repulsion between these Ir(PPy)3 molecules because of their identical dipole 
alignment. Secondly, charge transfer between the O-up adsorbed VOPc and 
the Cu substrate mainly occurs at the aza-N and outmost benzene rings. As 
discussed in the SnPc/Ag(111) case, the repulsion between the Sn-down 
SnPc origins from the donation and back donation effect, and hence the 
interfacial areas are accumulated with charges. In the present case, it would 
be reasonable to ascribe the intermolecular repulsion of the O-up VOPc to 
the charge accumulation at the interfaces between the outmost benzene ring 
and the substrate. In order to compensate this repulsion, each O-up adsorbed 
VOPc molecule is surrounded by at least one O-down adsorbed VOPc 
molecule. As representatively shown in Figure 4.10 F, the VOPc-up dimers, 
trimers are surrounded by more O-down adsorbed VOPc molecules to 
compensate the repulsion and to stabilize the 2D molecular structures. 
Further depositing the VOPc molecules gives rise to the formation of 2D 
nanomesh with well-ordered nanocavities in the 2
nd
 layer as shown in Figure 
4.11A. It is interesting to note that the ordered island composed of purely 
symmetry-reduced O-down adsorbed VOPc molecules is not covered by the 
2
nd
 layer nanomesh. Figure 4.11B demonstrates that this ordered island has 
an identical structure with that in Figure 4.10C. The 2
nd
 layer nanomesh 
prefers to decorate onto the mixed monolayer,  leaving these 
symmetry-reduced single layer islands not covered based on the statistical 
results. Figure 4.11C shows the 2
nd
 layer nanomesh structure covering 75% 
of the surface; while leaving about ~10% areas not covered; the other area is 
randomly dispersed O-up adsorbed VOPc molecule. A boundary between an 
island composed of purely 2-fold symmetry O-down adsorbed VOPc and the 
mixed monolayer covered by the 2
nd
 layer nanomesh is demonstrated in 
Figure 4.11 D. It is clear that the 2
nd
 layer VOPc molecules adopt the 
O-down configuration and reside onto the hollow site rotating by 30° with 
respect to the molecules in the monolayer. The short range nanomesh 




Figure 4.11 (A) Formation of the ordered nanomesh after increasing the coverage to 
~1.4 ML; (B) the ordered island composed of purely O-down adsorbed VOPc 
molecules is still not covered; (C) further increasing the coverage giving rise to 
more 2
nd
 layer nanomeshes; (D) enlarged STM image showing the boundary 
between the purely O-down adsorbed VOPc molecules and the 2
nd
 layer nanomesh 
on the top of mixed monolayer; (E) Schematic model showing the adsorption site 
and the relative orientation of the 2nd layer molecules, forming a √2×√2R30° 
superstructures; (F) Schematic model showing the overlap of the outmost benzene 
ring between the interlayer VOPc molecules, the yellow one indicates the 2
nd
 layer 





; (C) Vtip=-2.3V, I=75pA, 60×60nm
2




close to the √2 times of 1.52nm (the unit cell of 1st layer). Schematic model 
to show the adsorption site and orientation of the 2
nd
 layer VOPc molecules 
is depicted in Figure 4.11E. It is worth noting that the 2
nd
 layer VOPc-down 
molecules rotate by 30° with respect to the 1
st
 layer, and hence a co-facial 
overlap of the outmost benzene lobes can be detected as shown in Figure 
4.11F. Such packing structure can be conclusively determined based on the 
observed unit cell and the monolayer structure underneath, and hence the 2
nd
 
layer molecules are stabilized by the π-π interactions between the outmost 




In this chapter, the growths of dipole VOPc molecules on Au(111), 
Ag(111) and Cu(111) were systematically investigated by in-situ 
low-temperature scanning tunneling microscopy. The packing structures and 
thin film growth behaviors of these systems differ strongly from each other 
in terms of the interaction strengths between molecules and substrates. The 
VOPc on HOPG substrate was used as the reference to show the substrate 
effects on dipole ordering and molecular packing. 
 On the Au(111) surface, different domains can be formed after 
increasing the coverage to 1ML which are separated by the lines along the 
elbows. Further increasing the coverage can initiate the orientation transition 
from flat-lying to tilted VOPc islands which can cover nearly 90% of the 
Au(111) surface. On Ag(111), VOPc molecules prefer to aggregate into 
ordered island without dipole ordering at the coverage below ~0.5ML, 
disordered islands start to appear with predominant O-down adsorbed VOPc 
molecules after increasing the coverage to ~1ML. Orientation-transition 
occurs on these disordered islands after further increasing the coverage, 
however most of the ordered islands in monolayer is covered by the densely 
packed 2
nd
 layer molecules with the molecular π-plane parallel to the surface. 
The formation of ordered and closely packed 2
nd
 flat-lying islands hinders 
the orientation transition. As a result, the total coverage of the tilted islands 
on Ag(111) is about 50%. The Cu(111) surface represents the other extreme, 
on which the interaction between the molecule and substrate is generally the 
strongest in noble metals, and hence the influence of the underlying surface 
on the growth of VOPc molecules would be strong. The O-down adsorbed 
VOPc molecules are subjected to the symmetry reduction due to the 
inequivalent charge distribution. Consequently, an in-plane quadrupole 
moment is induced for single O-down adsorbed VOPc molecule which is 
responsible for the intermolecular electrostatic attraction between the 
oppositely charged lobes. The attraction can direct the formation of linear 
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chains at lower coverage and ordered 2D islands at higher coverage.  
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Chapter 5 Coverage-Dependent Adsorption of Dipole 
Chloroaluminum Phthalocyanine on Cu(111) 
5.1 Introduction 
As discussed in the previous chapters, the physical properties and 
chemical functionalities of the class of phthalocyanine molecules are 





, and the molecular conformation
4, 5
. Extensive 
investigations have been imposed on the correlation between the charge state 
and molecular conformations on various substrates
6, 7
 . Illustrative examples 
include the alternated electronic and magnetic properties of transition-metal 
phthalocyanines (TM-Pcs) on metal surfaces due to the charge reorganization 
within the molecule, e.g., the additional spin on the Pc ligand of 
copper-phthalocyanine (CuPc) on Ag(100)
8, 9
; manipulating Kondo 
temperature of single 5,10,15,20-tetrakis-(4-bromophenyl)-porphyrin-Co 
(TBrPP-Co) on Cu(111) through conformation switching from saddle to 
planar shape; while the planar conformation exhibits extended Kondo sates 
on the ligand induced by interfacial charge transfer
10
; giant 
magneto-resistance (GMR) of the metal-free phthalocyanine (H2Pc) organic 
ligand on cobalt island induced by the spin-dependent hybridization of 
molecular Pc ligand and electrode orbitals
11
; switching on/off spin state on 
the Pc ligand of single magnetic molecule (double-decker 
bis(phthalocyaninato)terbium(III), TbPc2) by shifting the molecular 




It has been reported that the conductance of the tin-phthalocyanine 
(SnPc)-down (Sn-atom pointing towards the substrate) is significantly higher 
than the SnPc-up (Sn-atom pointing towards the vacuum) molecule, in which 
60% of the total current flows through the outmost C atoms and 40% through 
the Sn atom
13
. Above features illustrate the critical role of the orbital 
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coupling with the substrates, more specifically, coupling of the conjugated 
ligand with the substrate. Moreover, the charge state of the ligand and 
coupling strength are determined by the molecular conformation and the 
adsorption site as well. In the case of nonplanar phthalocyanines, like ClAlPc, 
VOPc, TiOPc, SubPc and ClGaPc, they can adopt dipole up and down 
configurations after adsorption on the metal surface. As a result, the charge 
distribution on the lobes, the coupling with the substrate, and hence the 
functionalities of the molecule and interfacial properties would be influenced 
by the dipole alignment
14, 15
.  
In this chapter, we use the combined LT-STM and density functional 
theory (DFT) calculations to study the coverage dependent adsorption of 
ClAlPc on Cu(111) surface. At the coverage below 0.8 ML, the ClAlPc 
molecules exhibit a dipole orientation dependent symmetry reduction. The 
STM results show an unexpected symmetry reduction for ClAlPc with 
Cl-down configuration; while the Cl-up adsorbed ClAlPc reserves the 
fourfold symmetry on the six-fold symmetric Cu(111) substrate. DFT 
calculations reveal that significant charge accumulation at the interface 
between Cu surface and the Cl-atom of Cl-down adsorbed ClAlPc is ascribed 
to the charge donation from the Cu surface, and resulting in an intake of 1.3e 
for phthalocyanine lobes. The electrons can back donate to the four lobes 
inequivalently due to the different bond type of the four aza-N and the 
central Cl atom. Two downward bended lobes with more electrons interact 
with the substrate stronger and thus, these two lobes bend downwards much 
closer to the substrate, giving rise to the C2 symmetry for Cl-down adsorbed 
ClAlPc. After increasing the coverage to monolayer, part of Cl-up adsorbed 
ClAlPc molecules are also subjected to symmetry reduction from 4-fold to 
2-fold as well, which can be ascribed to inequivalent local-atomic 
environment underneath the four lobes of Cl-up ClAlPc. In the case of 
bilayer ClAlPc on Cu(111), ClAlPc molecules with Cl-down configuration 
form a √2×√2 R45° superstructures with respect to the monolayer. 
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Comparing to that on HOPG and Au(111), the different packing structure in 
2
nd
 layer is ascribed to substrate induced different charge distribution on the 
monolayer molecules. 
5.2. Dipole Orientation Dependent Symmetry Reduction of ClAlPc on 
Cu(111) 
5.2.1 Experimental Results - STM  
STM images (Figure 5.1) show two distinct configurations of ClAlPc 
(dipole moment=3.7 D)
16
 molecules on Cu(111) at 0.02 monolayer (ML, 
referring to a closely packed layer of ﬂat-lying ClAlPc molecules fully 
covered the Cu(111) surface with their molecular π-plane parallel to the 
substrate). One type of the configurations exhibits four equally pronounced 
lobes centered with a bright spot (Cl-up)
17
. Another configuration leads to a 
symmetry reduction with one pair of aligned lobes brighter and longer than 
the perpendicular pair of lobes, and without the central bright spot, referring 
to Cl-down configuration. Based on our DFT calculations, the adsorption 
energy of Cl-down adsorbed ClAlPc is 0.01 eV larger than that of the ClAlPc 
with Cl-up configuration on Cu (111), so both the Cl-up and Cl-down 
configurations are energetically favorable (see following discussion).  
The molecular orientation with respect to the substrate lattice is imposed 
by the red arrows. The lobes of the ClAlPc with Cl-down configuration 
which are orientated along the close-packed <110> directions appear brighter 
than the perpendicular pair of lobes (D-I). Besides this, the molecular axes of 
configuration D-II rotates by 15° with respect to configuration D-I and the 
substrate crystallographic axis. Figure 5.1 B shows the line profiles crossing 
the four lobes of the Cl-down (i) and Cl-up (ii) adsorbed ClAlPc as 
highlighted by yellow and orange squares respectively in Figure 5.1 A. 
Under the given scanning condition (Vtip=2.0V,I=100pA), the Cl-up ClAlPc 
(U-I) reserves the four-fold symmetry with the four lobes at identical length 
and height as shown in the line profiles crossing the U-I (ii, Figure 5.1 B). 
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Figure 5.1 Dipole alignment dependent symmetry reduction of ClAlPc on Cu(111), 
(A) The configurations of ClAlPc are denoted as U-I (Cl-up) with a bright spot in 
the center and D-I, D-II (Cl-down) which are symmetrically reduced. The molecular 
orientation with respect to the substrate lattice was imposed by arrows; (B) Line 
profile crossing the lobes of Cl-down (i) and Cl-up (ii) molecules as highlighted by 
yellow and orange square in A; (C) High resolution STM image of a single ClAlPc 
molecule with Cl-down configuration and the corresponding line profile (D) taken 
across the neighboring lobes L1 and L2. Scanning parameters: (A) Vtip= 1.6V, 
I=90pA, 20nm × 20nm, (C) Vtip=0.8V, I=90pA, 2.5nm × 2.5 nm. 
However, the apparent height and length of the lobes of Cl-down ClAlPc 
vary from each other obviously as depicted in the line profiles (i, Figure 5.1 
B). One pair of Pc lobes appears brighter and longer than their counterparts. 
High resolution STM image of one representative ClAlPc with Cl-down 
configuration (Figure 5.1 C) and the corresponding line profile (Figure 5.1 D) 
crossing the neighboring lobes manifests that the ClAlPc molecules with 
Cl-down configuration are subjected to symmetry reduction from C4 to C2.  
Symmetry reduction of single phthalocyanine molecules on metal 













 on Ag(111). Such symmetry 
reduction or breaking can be attributed to geometric and/or electronic effects. 
The incommensurability of the four-fold symmetric phthalocyanine and 
six-fold symmetric metal surface (Ag(111) and Cu(111)) can result in 
different atomic environments underneath the pair of Pc lobes, and hence the 
deformation of molecule along the perpendicular axes such as the C4 to C2 
reduction of CoPc on Cu(111)
18
. On the other hand, the asymmetric charge 
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transfer between the Pc lobes of CuPc and Ag(100) substrate can also 
contribute to the reduced symmetry under certain scanning bias
9
.  
In order to elucidate the origin of the C4 to C2 symmetry reduction for 
the dipole ClAlPc, i.e., whether it is geometric distortion or due to the pure 
electronic effects such as different conductance channels under selected 
bias
23
 and/or asymmetry charge transfer
9
, bias-dependent STM 
measurements were conducted. The results show that ClAlPc with Cl-up 
configuration conserves four-fold symmetry; while Cl-down ClAlPc appears 
two-fold symmetry in the range of -2.5 V to 2.5 V (Figure 5.2). Differing 
from above mentioned symmetry reduction of planar CuPc, FePc and CoPc 
on Cu(111), where the strong coupling between the Pc ring and Cu state can  
 
Figure 5.2 Bias-dependent STM images of ClAlPc molecules with Cl-up and 
Cl-down configurations on Cu(111) surface, showing the symmetry conservation of 
ClAlPc-up (C4-up) and the symmetry reduction of Cl-down orientated ClAlPc 
(C2-down) (The set current for all the images is 90pA). 
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be expected to drive the deformation
20
, the observed STM topography of 
ClAlPc on Cu(111) is unexpected. In the case of symmetry reduced Cl-down 
ClAlPc, the Pc lobes locate further away from the surface than the planar Pc 
as the Cl-atom lifting the molecular plane up. Furthermore, the Cl-up 
adsorbed ClAlPc which conserves original C4 symmetry is also unexpected 
due to the incommensurability between the four-fold symmetry of molecule 
and six-fold symmetry of substrate. 
5.2.2 DFT Calculations 
To unravel the unexpected symmetry reduction of ClAlPc-down as well 
as the symmetry conservation of ClAlPc-up molecules adsorbed on Cu(111), 
we performed first-principle calculations based on DFT. In the gas phase, 
Cl-atom protruding outside the molecular plane results in the C4v symmetry, 
and the molecule should appear as a four-lobe feature with equivalent 
lobe-length in STM topography
24
. Optimized energetically favorable 
adsorption sites and orientation of the U-I, D-I and D-II ClAlPc molecules 
are depicted in Figure 5.3. We find that the Cl-up adsorbed ClAlPc 
molecules prefer to reside on the top site with one molecular axes rotates 16° 
with respect to the [1-10] direction of Cu(111). Scrutinizing the location of 
the aza-N atoms (inner N bonded with Al) and the outside benzene rings of 
the four lobes, a pseudo-equivalent atomic environment for the perpendicular 
lobes and the aza-N atoms can be proposed as shown in the left panel of 
Figure 5.3 A. In analogy to the case of CuPc on Ag(100), the driving force 
for the stability of planar configuration is the aza-N bonding with the nearest 
Ag atoms, so a favorable conformation is 32° deviation of Cu-ligand axis 
from the [001] direction of Ag(100) surface
25
. Here, it can be concluded that 
the stable orientation of the Cl-up adsorbed ClAlPc is also determined by the 
interaction between aza-N and Cu atoms as well as the π orbitals of Pc lobes 
coupling with the Cu d states. The four aza-N atoms locate the same distance 
of 3.75 Å away from the nearest Cu atom underneath, and the carbon 
triangles of the four outer benzene rings also identically position above the 
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Cu-triangle and rotate by 16° (highlighted in left panel of Figure 5.3 A). Non 
significant distortion of the Cl-up ClAlPc can be ascribed to the 
pseudo-equivalent atomic environment underneath the aza-N atoms and four 
out benzene rings. 
In the case of Cl-down adsorbed ClAlPc, significant structural distortion 
of the lobes can be discerned from the optimized model (Figure 5.3 A, D-I 
and D-II configuration in middle and right panel respectively). The Cl-atom 
prefers to reside at the hollow site and form covalent bonds with the nearest 
three Cu atoms as seen from the DFT optimized structure. The azimuth 
orientation of these two energetically favorable configuration corresponds to 
a 30° and 15° deviation of the lobe axis from the [01-1] direction of Cu(111) 
surface. Non pseudo-/or equivalent atomic environment can be found for 
Figure 5.3 Optimized geometric structures and adsorption sites of ClAlPc on 
Cu(111); (A) top and side view of ClAlPc adopted U-I (left), D-I (middle) and D-II 
(right) configurations, the circles and triangles in left highlighted the 
pseudo-equivalent atomic environment of aza-N and C atoms of outer benzene rings; 
(B) Schematic showing the vertical distance between the atoms of distorted 
Cl-down ClAlPc and the Cu(111) surface. 
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both the aza-N atoms and the Pc lobes due to the Cl-atom residing at the 
hollow site. The bottom schematics (Figure 5.3 B) display the vertical 
distance between the atoms of the Cl-down adsorbed ClAlPc and the Cu 
surface, showing the distinct structural distortion after the adsorption. The 
Cl-atom locates 2.14 Å above the metal surface, and the Cl-Al bond is 
enlarged to 2.29 Å. As seen from Figure 5.3 B, the outmost C atom of 
down-bended Pc lobes is 3.87 Å away from the surface; while this value for 
up-bended lobes is 4.98 Å, implying that the observed symmetry reduction is 
geometric effect instead of a pure electronic origin.   
5.2.3 Jahn-Teller Distortion 
To get a better understanding of the mechanism of the 
symmetry-reduced Cl-down configuration and the symmetry-conserved 
Cl-up configuration, we plotted the charge difference of Cl-up and Cl-down 
orientated ClAlPc on Cu surface as shown in Figure 5.4. Firstly, the 
optimized Cl-up ClAlPc shows a gain of electrons on the benzene rings of Pc 
and on the aza-N atoms. The charge distribution on the four lobes, in 
particular the outmost benzene ring is almost identical. Such pseudo-equal 
charge distribution conserves the four-fold symmetry of Cl-up ClAlPc. 
However, for the Cl-down ClAlPc, significant charge transfer can be 
detected between the Cl and bonded Cu atoms (Figure 5.4 C left). The charge 
depletion between the chloride and aluminum atom results in a decrease of 
the bond strength of Cl-Al, which can be confirmed from the calculated bond 
dilation of Cl-Al bond length from 2.20 to 2.29 Å. Figure 5.4C (right) shows 
the charge density contour plot cutting through the Al-atom of the Cl-down 
bended ClAlPc on Cu(111), the inequivalent charge density of the four lobes 
shows the structural variation, bright lobes are the down-ward bended lobes. 
Furthermore, the charge distribution within the four aza-N atoms also can be 
clearly visible, the charge density plot of the two aza-N atoms linked to the 




Figure 5.4 Side views and top views of isosurface of charge-density redistribution 
of ClAlPc with Cl-up (A), distorted Cl-down (B) configurations on Cu(111) surface, 
which illustrate how the charge density change upon the adsorption of ClAlPc to 
Cu(111) with different configuration. Blue and yellow colors indicate electron 
depletion and accumulation, respectively (isosurface value 0.002 e/Å
3
); (C) Charge 
density contour plots of the ClAlPc-down on Cu(111) cutting through the Cu-Cl 
bond (left) and through the Al atom of the ClAlPc-down molecule (right). The scale 
gives the values in electron/Å
3
.  
Bader charge analysis of the charge distribution for the Cl-down 
configuration of ClAlPc on the Cu surface shows that 1.3e are populated to 
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the Pc lobes. This is consistent with the previously reported electron buffer 
role of the Pc macrocycles played in metal phthalocyanine
26
. The top view of 
the charge difference plot shows an in-equivalent charge distribution in the 
four lobes (Figure 5.4 B). The two downward bended lobes display 
significantly more electrons at the outside of the benzene ring; while the 
up-bended lobes are equally distributed among the whole benzene ring.  
A model can be proposed based on the change of structural and 
electronic properties of phthalocyanine after the charge redistribution on the 
Pc macrocycles. In contrast to TMPc, where the empty metal d orbitals lie 
between the HOMO-LUMO gap, the Cl-Al derived states lie deeper than the 
eg state of the Pc ring
27
. As a consequence, adding one electron to the ClAlPc 
cannot cause filling the Cl-Al derived state, but can move to the eg state of 
the Pc ring. The LUMO of Pc is doubly degenerated, after the intake of 1.3e 
onto the Pc macrocycles, the eg level can split into b2g and b3g, and hence the 
anionic phthalocyanine lobes can be subjected to Jahn-Teller distortion
28
. 
Figure 5.5A schematically depicts the structural variation of ClAlPc after the 
intake of electrons based on the calculated bond change of neutrally and 
negatively charged ClAlPc (Figure 5.5). Distinct change can be found for the 
dilation of aza-N-C1, the bridge N-C1, the C4-C5 of the outmost benzene ring, 
and the shortened C1-C2 bond in pyrrolic ring. This can also be further 
confirmed from the variation of the LUMO of anionic Pc at the aza-N and 
bridge N (Figure 5.5C). The LUMO of the free ClAlPc is asymmetric on the 
pairs of perpendicular aromatic lobes. The inequivalent charge redistribution 
of the perpendicular lobes would be further enlarged due to the 
conformational distortion. The intake of electrons and the structural 
variations of the phthalocyanine anion are schematically shown in Figure 
5.5A. After intake of one electron, the bond B1 and B2 (the bridged N=C 
bond) as well as the aza-N-C bond change from double to single, which 
enhances the conformation freedom of the molecule
29
. The 1.3 electrons are 









.In the neutral form, the bond B1, B2 and aza-N4-Cl in ClAlPc is 
double. The intake of at least one electron changes these bonds from double to 
single, and enhances the conformational freedom of the molecule; (B) Molecular 
orbital energy scheme of neutral and [ClAlPc]
2-
 molecular ions. The neutral ClAlPc 
has C4v symmetry with a doubly degenerate eg level, upon the intake of electron into 
the LUMO, the eg level splitted into b2g and b3g to lower the energy; (C) HOMO 
and LUMO of neutral and dianionic ClAlPc in the gas-phase; (D) Summarizing the 
bond length variation of the ClAlPc at the neutral and charged state (Unit, Å). 
lobes through the aza-N atoms (Figure 5.5A), so the coupling between the 
highly charged lobes with the Cu surface would be much stronger than 
another pair of lobes, and thus the two lobes further downward bend, giving 
rise to a symmetry reduction from C4 to C2. 
5.3 Coverage-dependent Structures of ClAlPc on Cu(111) 
Hybrid organic-inorganic systems combine the organic and inorganic 
units at molecular level, thereby opening access to the multifunctionality of 
the combined systems
30, 31
. The nanostructures and properties of such hybrid 
materials not only depend on the chemical nature of each unit but also 
strongly rely on the interfaces
32-34
. The organic/metal interfaces essentially 
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determine the characteristics of molecular electronic devices, because the 
interfaces influence the energy levels which participate in the charge 
transport
35-37
. Therefore it is essential to provide detailed understanding of 
the molecular orientation and packing geometry
34
. Indeed, the structure and 
electronic properties of interfaces between the π-conjugated organic 
molecules and the metal substrates have been the focus of intense studies for 
decades
34, 35, 38, 39
, not only because of the great interest in fundament surface 
science, but also because of the technical relevance of such interfaces in the 
organic and molecular electronic devices
40, 41
. Within variety of hybrid 
organic-inorganic systems, phthalocyanine molecules on the noble metal 
surfaces are the ideal characterized systems
42-44
. In particular, the functional 
dipole phthalocyanine molecules stand for one class of important organic 
semiconductor materials, which can serve as inserting layers to tune the 
energy-level alignment due to their permanent dipole moment
14, 45, 46
. 
However, the dipole phthalocyanine molecules can adopt up and down 
configurations due to its non-planar structure
45, 46
, and hence the molecular 
ordering and dipole alignment would be significantly determined by the 
molecule-molecule interactions, including the dipole-dipole, dispersion force, 
hydrogen bonding, and molecule-substrate interaction, such as physisorption, 
and charge transfer.   
In this section, the adsorption structures of ClAlPc on Cu(111) at 
different coverages will be systematically studied by using in-situ LT-STM. 
The results are compared with that on HOPG and Au(111), demonstrating the 
role of substrates on the dipole alignment, molecular orientation and packing 
geometry in monolayer and bi-layer of the dipole ClAlPc molecules.   
5.3.1 Submonolayer Growth of ClAlPc on Cu(111) 
Figure 5.6 shows the STM images after the deposition of ClAlPc 
molecules on the Cu(111) surface below one monolayer. Similar to ClAlPc 
on Cu(111) at the 0.1ML coverage (Figure 5.1), both the Cl-up and Cl-down 
adsorbed ClAlPc molecules can be observed. Meanwhile, the ClAlPc 
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molecules with the Cl-down configuration are still subjected to symmetry 
reduction from 4-fold to 2-fold. After further increasing the coverage to 
0.8ML (Figure 5.6B), a short-range ordered pattern comprising of several 
Cl-up orientated ClAlPc can be observed. However, both the Cl-up and 
Cl-down adsorbed molecules predominantly disperse randomly without 
uniform dipole alignment. It can be found that the submonolayer growth of 
ClAlPc molecules on Cu(111) is significantly different from that on the 
HOPG and Au(111) surface
24, 47
. On the relatively inert graphite surface, the 
interlayer dipole-dipole attraction exceeds the interfacial π-π interaction 
between the Pc ligand and the graphite surface. As a consequence, bilayer 
ClAlPc with Cl-down configuration can be formed together with the 
monolayer ClAlPc, within which the monolayer ClAlPc molecules adopt the 




Unidirectionally aligned molecular dipole dot arrays form a monolayer 
on HOPG after annealing
24
. Moreover, in the case of Au(111), Cl-up 
adsorbed ClAlPc molecules predominantly occupy the FCC region of Au(111) 
below the coverage of 0.4 ML
47
. Both the Cl-up and Cl-down configurations 
can be observed after increasing the coverage to 1ML; however, annealing 
the as-grown monolayer at 400K can result in the unidirectionally aligned 
molecular dipole arrays with Cl-up configuration as well. It can be concluded 
that the molecules tend to aggregate into well-ordered islands on the weakly 
physisorbed substrates, which imply the intermolecular interaction, such as 
the van der Waals may dominate the aggregation. The molecule-substrate 
interaction between ClAlPc and Cu(111) would be much stronger than that 
on graphite and Au due to the charge transfer effect (discussed in last 
section). So individual ClAlPc can be stabilized on the Cu(111), and the 




Figure 5.6 (A) and (B) Large-scale STM images of ClAlPc on the Cu(111) surface 
showing the randomly dispersed ClAlPc molecules adopting Cl-up and Cl-down 
configurations at the coverage of 0.5ML and 0.8ML respectively; the corresponding 
enlarged STM images showing the relative intermolecular distance at 0.5 ML (C) 
and at 0.8 ML (D). Scanning parameters for all the images: Vtip=2.4V, I=90pA.  
Densely packed islands comprising of both the Cl-up and Cl-down 
ClAlPc molecules are formed after increasing the coverage to 1ML as seen 
from Figure 5.7A. Different domains can be observed due to the three-fold 
symmetry of the Cu(111) substrate. As shown in the enlarged STM image 
(Figure5.7B), it is worthy to note that some of the Cl-up orientated ClAlPc 
molecules are also subjected to symmetry reduction at 1ML as highlighted 
by the yellow ellipsoids (Figure 5.7B). It is found that the symmetry-reduced 
Cl-up adsorbed ClAlPc molecules rotate by 15° with respect to symmetry 
reserved ones. It has been shown that the reserved 4-fold symmetry of Cl-up 




Figure 5.7 (A) one monolayer ClAlPc molecules on Cu(111); (B) Enlarged STM 
image showing the structures of the monolayer ClAlPc molecules. The 
ClAlPc-down is still symmetry-reduced; while the Cl-up adsorbed ClAlPc 
molecules are subjected to symmetry-reduction. The yellow ellipsoids 
representatively highlighted the symmetry reduced ClAlPc-up. The 
symmetry-reduced ClAlPc-up rotated by 15° with respect to the 4-fold symmetry 
ClAlPc-up as highlighted; (C) and (D) Optimized structures of the 
symmetry-reduced ClAlPc molecules adsorbed at the hollow site (C) and (D) top 
site, side view the optimized structures demonstrating the bending lobes. Scanning 
parameters: (A) Vtip=2.4V,I=90pA. (B) Vtip=1.2V,I=90pA. 
environment for the perpendicular lobes and the aza-N atoms (Figure 5.3 in 
section 5.2). In the case of changing the adsorption site or rotating with 
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respect to the substrate underneath (changing the local atomic environments) 
of the molecule, a symmetry-reduction of the Cl-up adsorbed ClAlPc can be 
expected. Figure 5.7C demonstrates the optimized structure of Cl-up 
adsorbed ClAlPc molecule at the hollow site with the two perpendicular 
pairs of Pc lobes along the <1-10> and<11-2> directions respectively. It is 
noteworthy that three carbon atoms on the outmost benzene rings of the two 
lobes along the dense-packed direction of Cu(111) locate atop of the Cu 
atoms; however in the counter pair of the lobes, there is no such local atomic 
environment for the carbon atoms. So the interactions between the 
perpendicular lobes and the Cu atoms underneath are inequivalent. As seen 
from the side view of the ClAlPc-up at the hollow site, the lobes along 
<1-10> direction is 3.056 Å above the surface; while its counter part is 3.461 
Å. This means that lobes along the densely packed direction are downward 
bended as seen from the optimized structure of Figure 5.7D. As shown in 
Figure 5.8 A, the molecular ordering of the adsorbed ClAlPc can be 
discerned as indicated by the white arrows to show the alternating orientation 
without regard to the dipole alignment and molecular symmetry. In particular, 
a chain of Cl-up orientated ClAlPc comprising of both the 4-fold and 2-fold 
Figure 5.8 (A) the orientation-ordering of the ClAlPc molecules on Cu(111) at one 
monolayer; (B) After annealing the 1ML structure at ~360K for 30min, two stripes 
with different orientations are labeled with α and β. Scanning parameters: (A) 
Vtip=2.4V,I=90pA. (B) Vtip=1.2V,I=90pA. 
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symmetry molecules with alternating orientation is highlighted by the yellow 
line. The intermolecular distance within the chain is ~1.58nm which is close 
to 6 times of the lattice constant of Cu(111). 
Long-range ordered molecular pattern can be formed after annealing the 
as-grown ClAlPc monolayer at 360K for 30min (Figure 5.8B). It is worth 
noting that the orientational ordering within the molecular superstructures is 
enhanced after annealing. The next-nearest-neighboring (NNN) molecules 
adopt the identical orientation as highlighting by the black dotted lines 
(Figure 5.8B). Furthermore, almost 90% Cl-up adsorbed ClAlPc molecules 
are subjected to the symmetry reduction after the annealing based on the 
statistical STM images. It is useful to define an azimuth angle θ between the 
molecular axis and the stripe direction indicated by the arrows in Figure 5.8B. 
Two different molecular orientations are observed for ClAlPc monolayer on 
Cu(111), denoted as α-orientation with θ1 =60º and β-orientation with θ2 = 
75º. The molecular stripes with α-or β-domains are referred to α-or β-stripes 
respectively (Figure 5.8B). The percentage of α-or β-stripes is almost equal. 
However, no dipole ordering has been observed under this condition. The 
co-existence of two orientations of ClAlPc on the Cu(111) surface is similar 
to that of the F16CuPc on Cu(111)
51, 52
. The flexibility of the rotational 
direction of F16CuPc on Cu(111) is ascribed to the tendency of avoiding the 
electrostatic repulsion among the neighboring F-atoms
51
. In the present study, 
the inequivalent charge distribution induced in-plane quadruple moments on 
the symmetry-reduced ClAlPc molecules should be responsible for the 
alternating stacking of the two different orientations. 
5.3.2 The Second Layer of ClAlPc on Cu(111) 
At the initial growth stage of the second layer ClAlPc molecules, neither 
closely packed islands nor the ordered alignment with respect to the first 
layer has been observed. This is different from the growth mode of 2
nd
 layer 
ClAlPc on the HOPG and Au(111)
24, 47
, on which the 2
nd
 layer ClAlPc 




 Figure 5.9 (A) STM image of 1.1ML ClAlPc on Cu(111) surface, the 1
st
 layer 
ClAlPc molecules adopt both the Cl-up and Cl-down orientation; while the 2
nd
 layer 
ClAlPc molecules predominantly adopt Cl-down configuration; (B) Enlarged STM 
image shows the adsorption site and the relative orientation of the 2
nd
 molecules 
with respect to the 1
st
 layer ClAlPc. The ClAlPc in the 2
nd
 layer adsorbs at the 
hollow site with an angle changing of 15° with respect to that in the 1
st
 layer; (C) 
1.5 ML ClAlPc on HOPG, the isolated ClAlPc is enhanced with orange color, the 
orientation is indicated by green arrows, the yellow arrow represents the direction of 
both the monolayer ClAlPc and the close-packed ClAlPc in 2
nd
 layer; (D) Schematic 
model showing the adsorption site and orientation of the 2
nd
 layer (yellow) on the 
monolayer. Scanning parameters: (A) and (B)Vtip=2.2V,I=80pA,(C) 
Vtip=1.2V,I=90pA. 
ClAlPc molecules in the 2
nd
 layer adsorb at the hollow site of the monolayer 
with the Cl-atom pointing towards substrate. Close inspection reveals that 
the upper molecule rotates by 15° with respect to the molecules underneath 
(Figure 5.9B). It is known that the interlayer interaction of the π-conjugated 
molecules is dominated by the π-π interactions, which can be decomposed 
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into dispersion and electrostatic forces
53
. So the rotation and displacement of 
the 2
nd
 layer ClAlPc are determined by the packing structure of monolayer.  
In the previous study of the F16CuPc on Ag(111) surface, the isolated 2
nd
 
layer F16CuPc molecules adsorbed atop of the 1
st
 layer molecules and rotated 
45° with respect to molecules underneath, mainly minimizing the repulsive 
electrostatic forces
54
. However, in the present case, the isolated ClAlPc 
prefers the hollow site and rotates by 15° with respect to the 1
st
 layer 
molecules. As the configuration of the molecules beneath cannot be 
identified, the attractive dipole-dipole interaction between the Cl-up and 
Cl-down molecules which is the driving force stabilizing the 2
nd
 layer 
ClAlPc on HOPG cannot be simply applied here
48
. So the stabilization of the 
isolated ClAlPc molecules in the present case may stem from the interactions 
between the lobes of the upper and lower molecules. As shown in Figure5.9C, 
the isolated single ClAlPc in the 2
nd
 layer on HOPG surface rotates by 25°. 
This kind of co-facial planar configuration of the benzene rings on the lobes 
can maximize the van der Waals forces, so the main driving force for 
stabilizing the individual ClAlPc on HOPG would be the combination of the 
dipole-dipole attraction between the interlayer molecules with opposite 
dipole configurations and the van der Waals force. 
As seen from the STM image of Figure 5.9 B, the symmetry-reduced 
ClAlPc molecules, including both the Cl-up and Cl-down adsorbed ClAlPc, 
dominate in the monolayer. As a result, the lobes of these 2-fold symmetric 
ClAlPc molecules are inequivalently charged, inducing an in-plane 
quadruple moment
55
. In contrast, the lobes of the ClAlPc molecules in the 2
nd
 
layer can be regarded as neutral. The lateral displacement of the 2
nd
 layer 
molecules with the rotation angle of 15° would be deduced from the 
interactions between the outmost benzene rings on each lobes (details see 
below).  
It has been demonstrated that the benzene dimer can adopt four types of 





. Moreover, the preferred configuration is also determined by 
the side-group of the benzene, for example, the electron-donating/accepting 
substituent groups both can result in a favorable parallel-displacement 
configuration
57, 58
. Taking the crystal structure of planar CuPc as an example: 
parallel-displacement with one molecule lying over the π-cavity of the 
neighboring molecules is formed along one direction; while face-to-edge 
interaction is favorable along another direction
59
. The parallel-displacement 
would be much more favorable than others in particular when the molecules 
stack on a substrate, such as the close-packed 2
nd
 layer F16CuPc island on 
Bi(110)
60
. On the other hand, the lobes of the symmetry-reduced ClAlPc 
molecules are in-equivalently charged. So the interaction between the lobes 
of the 1
st
 layer ClAlPc with that of the 2
nd
 layer ClAlPc molecules differs 
from the interlayer interactions on HOPG surface. On the HOPG surface, the 
2
nd
 layer ClAlPc molecules prefer the parallel-displacement which can 
efficiently minimize the interlayer electrostatic repulsive forces. 
Furthermore, when the coverage increasing to 1.8 ML, two different 
packing structures are observed, and the Cl-up adsorbed ClAlPc molecules 
appearing a central bright dot decorate randomly in the 2
nd
 layer (Figure 5.10 
A). The domains that consist of two different packing structures are 
short-range ordered, only extending to a few tens of nanometers as 
representatively shown in the enlarged STM image of Figure 5.10B. 
Annealing the as-deposited 2
nd
 layer ClAlPc molecules at 340K for 30mins 
results in a relatively ordered superstructures with the ClAlPc predominantly 
adopting the Cl-down configuration. Figure 5.10C shows a large area STM 
image of the 2
nd
 layer ClAlPc molecules after annealing, the white islands 
referring to the closely packed structure (I); while the mesh-like networks 
referring to a √2×√2 R45° structure (II). The relative ratio of the structure I 
to II is about 3:7. Figure 5.10D shows the domain boundaries between the 




Figure 5.10 (A) 1.8ML ClAlPc molecules on Cu(111) before annealing; (B) Zoom 
in scan showing the Cl-up and Cl-down adsorbed 2
nd
 layer ClAlPc within different 
packing structures; (C) Large scale STM image showing the relative ratio of 
structure I and structure II after annealing at 340K for 30 min; (D) STM image of 
the domain boundary between structure I and structure II, all the 2
nd
 layer ClAlPc 
molecules adopt Cl-down configuration after annealing. Scanning parameters: (A) 
and (B) Vtip=2.4V,I=80pA, (C) and (D) Vtip=2.0V,I=90pA. 
cell of a1=b1=1.52±0.02nm; while the mesh-like domain has a square unit 
cell of a2=b2=2.15±0.02 nm, which can be assigned to the √2×√2 R45° 
superstructures with respect to the 1
st
 layer.  
The 2
nd
 layer ClAlPc molecules all transferred to structure II after 
further annealing at 380K for 20min as shown in Figure5.11A; however, 
these domains are not connected into large domain with different rotations. A 
representative STM image of the structure II is demonstrated in Figure5.11B. 
It is worth noting that three different orientations of the Cl-down adsorbed 
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ClAlPc molecules within the structure-II networks can be discerned. The 
azimuth angles between the molecular axis and the molecular packing 
direction are indicated by the arrows (Figure 5.11B). It can be found that the 
nearest neighboring ClAlPc molecules in each unit cell all adopt different 
orientations based on the statistical results of many STM images. This kind 
of √2×√2 R45° superstructures have also been observed for 1.4 ML F16CuPc 
molecules on the Bi(110) surface. In that case, the F16CuPc molecules 
adsorbed at the top of the molecules beneath and rotated by 45° to minimize 
the repulsive intermolecular electrostatic force arising from the F-substituted 
benzene rings between the two F16CuPc layers. However, after increasing the 
coverage above 1.5ML, it transferred to the close-packed islands in which 
each molecule adopted the same in-plane orientation as the underlying 
molecule but with a lateral displacement of about 2.0 Å. Similar √2×√2 R45° 
superstructures have also been found in the 2
nd
 layer of CoPc on the Cu(001) 
surface below a coverage of 1.5ML. The 2
nd
 layer ClAlPc molecules on the 
HOPG surface adopt Cl-down configuration at the hollow site of the 
monolayer, packing into densely packed islands with an angle of 0° with 
respect to the underneath molecules (Figure 5.9C). This packing structure is 
identical with that of the monolayer on HOPG, and the parallel-displacement 
between the outmost benzene rings on the lobes of the upper and lower 
molecules ensures the stabilization of the energetically favorable stacking. In 
the case of ClAlPc on Cu(111), although the orientation and configuration of 
the molecules beneath the 2
nd
 layer cannot be observed or deduced distinctly 
like that on HOPG surface, the observed different in-plane orientations of 
each ClAlPc in the 2
nd
 layer imply the effect of the molecules underneath, in 
particular the inequivalent charge distribution on the 2-fold symmetry 
molecules in the monolayer as discussed above. As schematically shown in 
Figure 5.11 C, a model is proposed for the √2×√2 R45° superstructures. The 




Figure 5.11 (A) Further annealing at 380K for 20min giving rise to the structure II 
in the 2
nd
 layer ClAlPc on Cu(111); (B) zoom in scanning showing the typical 
√2×√2 R45°structure as well as the orientation of 2nd layer ClAlPc molecules; (C) 
proposed model of the adsorption site of 2
nd
 layer ClAlPc forming the √2×√2 R45° 
superstructure; (D) the 2
nd
 layer ClAlPc (yellow colored) with the rotation angle of 
15° with respect to the 1
st
 layer molecules underneath. Scanning parameters: (A) 
and (B) Vtip=1.2V,I=90pA.  
charged ClAlPc lobes. The 2
nd
 layer ClAlPc molecules prefer to adsorb at the 
hollow site surrounded by the red ellipsoids with Cl-down configuration, a 
rotational angle of 15° illustrates an edge to face interaction between the 
outmost benzene rings due to the charge on the lobes of monolayer ClAlPc 
molecules (schematically shown in Figure 5.11D). 
5.4 Summary 
In this chapter, the growth of ClAlPc on Cu(111) substrate was 
investigated by in-situ LT-STM combined with DFT calculations. The 
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properties of single molecule at the low coverage of ~0.1ML, the packing 
structures and dipole ordering in the monolayer and bilayer are discussed. It 
is shown that both the Cl-up and Cl-down adsorbed ClAlPc molecules 
interact strongly with the Cu substrate, i.e., the charge transfer effect for both 
cases. However, the charge transfer between the Cu substrate and the ClAlPc 
molecules shows different effects on the molecular structures which depends 
on dipole orientation. The Cl-down adsorbed ClAlPc molecules residing at 
the hollow site exhibit symmetry reduction from 4-fold to 2-fold; while the 
ClAlPc-up molecules adsorb at the top site with a pseudo-equivalent atomic 
environment beneath the four lobes reserving the 4-fold symmetry. The 
effect of the substrate atomic environments beneath the four-lobes on the 
molecular structures can further be evidenced by the symmetry-reduction of 
Cl-up adsorbed ClAlPc molecules after increasing the coverage to 1ML. 
Annealing the as-prepared monolayer can give rise to 90% 
symmetry-reduced ClAlPc molecules, and hence these 2-fold symmetric 
molecules are featured with in-planar quadruple moment on the four-lobe. As 
such, the packing geometry of the 2
nd
 layer ClAlPc molecules is dramatically 
affected by these in-equivalently charged ClAlPc molecules in the monolayer 
as compared to that on HOPG, Ag(111) and Au(111). The observed different 
orientation of the ClAlPc molecules in the 2
nd
 layer would be probably 
determined by the orientation of the symmetry-reduced lobes in the 
monolayer.  
In conclusion, we want to accentuate that the adsorption of the dipolar 
phthalocyanine molecules on metal surfaces represents an exceptional model 
system to investigate the interplay between the molecule-molecule and 
molecule-substrate interactions in determining the configuration of single 
molecules and hence the packing geometry of the thin film layers. Besides 
these, the behavior of the 2
nd
 layer ClAlPc on different substrates reveals the 
effect of dipole-dipole and interlayer π-π interactions. Generally, the driving 
force to stabilize the 2
nd





 layer films is mainly the intermolecular π-π interactions. The 
observed packing structures of the bilayer ClAlPc on different substrates 
would provide experimental evidence to show the effects of the charged 
benzene lobes on the lateral displacement and rotation angle between the 
upper and lower layers.  
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Chapter 6 Conclusion and Outlook 
6.1 Conclusion 
The main objective of this study was to investigate the self-assembly of 
dipolar phthalocyanine molecules on different substrates and to reveal the 
interplay between the intermolecular and molecule-substrate interactions as 
well as their effects on both the molecular ordering and dipole alignment. 
Firstly, tunable two-dimensional molecular dipole arrays were successfully 
constructed by mixing dipole ClAlPc with F16CuPc. It was found that the 
dipole density could be tuned by controlling the relative ratio of the two 
components; whereas the molecular arrays can be stabilized by multiple 
intermolecular H…F hydrogen bonding. In addition, unidirectionally aligned 
single molecular dipole dot arrays could be fabricated based on the 
site-specific adsorption of VOPc on the herringbone reconstructed Au(111) 
with predominant O-down configuration at the elbow sites at 0.05 ML. 
Comparing these two different ways, we found that molecular dipole dot 
arrays can be fabricated either by inserting the molecules into 2D molecular 
networks or by depositing individually on artificial templates with 
site-specific adsorption sites. The structure of the former one can be 
well-controlled; while the later one can avoid the intermolecular crosstalk. 
These different approaches can be used for various applications according to 
the devices in which they are utilized.  
In the following sections, substrate effects on the self-assembly of 
dipolar phthalocyanine molecules were systematically studied by using the 
VOPc molecule as the model system. In-situ LT-STM was performed to 
investigate the self-assembly process of the dipole VOPc on HOPG, Au(111), 
Ag(111) and Cu(111) respectively. The molecule-substrate interaction 
strength generally follows this trend as well. The striking difference of the 
present system comparing to that of planar π-conjugated molecules is that the 
O-atom protruding outside the molecular plane exhibiting a permanent 
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dipole moment perpendicular to the molecular π-plane. VOPc molecules can 
adopt O-up and O-down configurations after adsorption onto the substrate 
since the molecule-substrate interactions vary from each other. Consequently, 
the self-assembled molecular nanostructures on various substrates would be 
significantly different. The STM results show that the dipole alignment, 
molecular ordering and monolayer structures depend crucially on the 
strength of molecule-substrate interactions. Densely packed, unidirectionally 
aligned O-up ClAlPc monolayer could only be formed on HOPG; while 
tilted VOPc islands can be formed on Ag(111) and Au(111) surface. In 
contrast, on the Cu(111) surface, where the molecule-substrate interaction is 
the strongest, the adsorption and aggregation of VOPc molecules strongly 
depend on the dipole alignment. Therefore, linear chains and close-packed 
islands composed of purely O-down adsorbed VOPc molecules can be 
formed; while the O-up adsorbed VOPc molecules randomly dispersed even 
at ~1 ML. The detailed understanding of the role of intermolecular 
interactions and substrate effects in the molecular aggregation and interfacial 
electronic properties would provide useful information to guide the rational 
design of functional molecular superstructures in nanodevices.  
In the last part, properties of the single molecule were studied by using 
another dipole phthalocyanine as the model system. The ClAlPc molecules 
showed dipole-alignment-dependent symmetry reduction after adsorption on 
the Cu(111) surface. The Cl-down adsorbed ClAlPc molecules were 
subjected to symmetry reduction; while the Cl-up adsorbed ClAlPc 
molecules reserved the 4-fold symmetry at the coverage below 1ML. 
However, some of the Cl-up adsorbed ClAlPc molecules were also subjected 
to symmetry reduction after increasing to 1ML coverage due to the removal 
of pseudo-identical atomic environment underlying the lobes and aza-N 
atoms of ClAlPc-up molecules. Additionally, the symmetry-reduced 
molecules dominated the whole surface after being annealed, and formed an 
ordered molecular pattern regardless of the dipole alignment. As a result, the 
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√2×√2 R45° bilayer structure appeared which is ascribed to the interlayer π-π 
interactions.  
The adsorption properties of dipole ClAlPc and VOPc on the Cu(111) 
have several similarities, such as the random dispersion at low coverage, and 
the symmetry reduction of the molecules adopting the down configuration, 
which can be ascribed to the strong interfacial interaction. However, striking 
differences can also be found. For example, isolated O-down adsorbed VOPc 
molecules are highly diffused at ~0.1 ML; while the Cl-down adsorbed 
ClAlPc molecules were stabilized. Linear chains and ordered islands 
composed of purely O-down VOPc were favorable at ~0.3ML and ~0.8ML, 
respectively; however the ClAlPc molecules exhibited no dipole alignment 
dependent aggregation, and tended to form well-ordered islands regardless of 
the dipole alignment. The similarities of the adsorption of nonplanar 
phthalocyanine molecules on the Cu(111) surface indicated several general 
rules of the strong molecule-substrate interactions, in particular the charge 
redistribution. The differences represented the unique properties within the 
molecules due to the different central groups, such as the localized LUMO 
on the central O-atom of VOPc. As a result, complementary DFT 
calculations are necessary to reveal the charge transfer and the inequivalent 
charge redistribution in these systems.  
However, it should be noted that the present study only focused on two 
model molecules, i.e., ClAlPc and VOPc. The former was Cl-atom 
protruding outside the molecular plane; while the latter one was the O-atom. 
Moreover, only high-symmetry substrates, like fcc crystals with (111) plane, 
were used as the substrates to study the substrate effects on the assembly of 
dipole molecules. Nonetheless, the models presented here can represent a 
class of the non-planar molecules, because the O- and Cl- atoms are the 
major elements in these dipole phthalocyanine or porphyrin molecules, such 
as TiOPc, ClGaPc and SubPc. FCC (111) substrate is the most stable and 
widely used substrates in both fundamental and technological applications, 
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so the results shown here would be of broad interest for both the fundamental 
and technical studies. 
 Last but not least, the intermolecular attractive and repulsive interactions 
within the dipole phthalocyanine/Cu(111) systems should be addressed 
which originates from the charge transfer between the molecule and substrate. 
It is shown that the symmetry-reduced ClAlPc molecules can aggregate into 
densely packed islands regardless of the dipole alignment, so the electrostatic 
interaction between neighboring lobes with opposite charge would be the 
main driving force to stabilize the ordered pattern. Additionally, the 
inequivalent charge on the lobes of monolayer phthalocyanine molecules 
demonstrated a dramatic effect on the adsorption and molecular packing of 
the bilayer dipole phthalocyanine, and hence a √2×√2 R45° bilayer can be 
formed onto this monolayer. However, in the case of VOPc/Cu(111) system, 
the bilayer exhibited a √2×√2 R30° structure.  
Recalling the bilayer structure of ClAlPc/VOPc on the HOPG surface, 
on which the dipolar phthalocyanines adopted down configuration, the 
rotation angle of the densely packed 2
nd
 layer molecules with respect to the 
monolayer molecules was 30°. Therefore, the π-π interaction between the 
upper and lower layer phthalocyanine molecules can be revealed through 
comparison of the relative molecular orientation on different substrates and 
different dipolar molecules on the same substrates. The systematic LT-STM 
studies of the dipolar phthalocyanine systems may provide meaningful 
experimental evidence on the mostly concerned π-π interactions in aromatic 
systems. 
6.2 Outlook 
 Construction of low dimensional nanostructures through self-assembly 
of functional organic molecules on surfaces is a promising route for the 
fabrication of nanoscale devices. The versatile roles of phthalocyanine, 
porphyrin and their derivates played in the organic electronic devices would 
benefit from the construction of well-defined and robust nanostructures on 
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various substrates. The construction of well-defined molecular arrays and 2D 
networks stabilized by relatively weak intermolecular interactions such as 
van der Waals forces, hydrogen bonding has been demonstrated. However, 
such structures would not be stable enough to tolerate higher annealing 
temperature and the post treatments under some special conditions. To this 
end, connection of molecules in a controllable way on substrates with 
covalent bonds offers a promising strategy to overcome these limitations. 
The 1D and/or 2D covalently bonded structures which exhibit diverse and 
versatile properties can be fabricated by using molecular frameworks and 
surface-mediated polymerization
1
. Theoretically, the 2D polymer on the 
substrates is composed of monomers which are covalently linked with 
periodic bonding. However, it is still unavoidable to remove the irregular 
crosslinks in the construction of these 2D covalently bonded networks, so 
one big challenge is the lacking of periodic bonding. The 2D confinement of 
functional molecules into well-defined networks can be realized based on 
molecular self-assembly. The covalent bonding of these functional units can 
be formed by coupling of the initiated radicals under annealing, such as the 
bottom-up synthesized nanographene and graphene nanoribbons with the 
controlled size and width
2,3
. In the case of functional phthalocyanine 
molecules, the bottom-up approaches have also been utilized to construct 
both the covalently bonded 1D chains and 2D networks
4,5
.  
In the longer term, fabrication of 2D well-defined polymers still 
represents a challenge in surface science. Introducing novel functionalities 
requires fundamental understanding of the surface polymerization process. 
The assembly, nucleation, defects formation and error correction of the 
functional molecular building blocks can be well understood based on in-situ 
STM studies
1
. This powerful technique allows imaging at the submolecular 
level. Besides, scanning tunneling spectroscopy can also provide the 
localized electronic structures, and identify the reaction intermediates as well. 
Ideally, construction of well-defined molecular networks based on the 
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bottom-up self-assembly, and followed by initiating the active units can form 
the required covalently bonded nanostructures. As such, functional 
phthalocyanine molecular chains and well-defined molecular networks 
assembled by the covalent bonds can be fabricated by rational design of the 
molecular building blocks with suitable substituents on proper substrates. 
Based on these crucial problems, the future work related to the on-surface 
polymerization will focus on in-situ STM investigations of the construction 
of well-defined 1D molecular chains, 2D molecular networks which are 
covalently bonded.  
 Another topic in the field of organic/inorganic hybridized and 
organic/organic systems is surface and interface properties. The effects of the 
organic-inorganic hybridized interface on the self-assembled molecular 
networks and the dipole ordering have been systematically discussed in this 
study. However, the homo/hetero-organic interfaces formed by the contact 
between identical/different π-conjugated materials also critically determine 
the performance of the devices as well
6
. Fundamental understanding of the 
key properties of various functional organic semiconductors/inorganic 
hybridized systems has been obtained from investigation of PTCDA, planar 
MePc (CuPc) and the dipole phthalocyanines (ClAlPc, VOPc) on single 
crystal surfaces. Generally, it is believed that the organic-organic 
heterojunctions or homo-interlayers are dominated by relatively weak 
interactions, like the van der Waals interactions and π-π stacking. However, 
in some cases, it was shown that the assumption is incorrect, in particular on 
the metal surfaces where charge transfer exists. For example, the geometric 
and electronic structure of the hetero-organic interface between the CuPc and 
PTCDA on Ag(111) demonstrated that the top layer CuPc LUMO is strongly 
involved in the additional charge transfer
7
. In the case of dipolar 
phthalocyanine molecules on HOPG, Au(111), Ag(111), and Cu(111), the 
bilayer structures vary from each other due to the different interaction 
strength between the monolayer and the substrates, such as the densely 
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packed with respect to randomly dispersed molecules in the 1
st
 layer, the 
densely packed island with respect to the √2×√2 structures in the bilayer, and 
the different rotated angle of the 2
nd
 layer molecules with respect to that of 
the underlying monolayer molecules. In this regard, the interlayer overlap of 
the π orbitals between the outmost benzene lobes determines the structures of 
the 2
nd
 layer. However, the detailed mechanism behind the observed 
phenomena would be far from being distinctly revealed. In particular, 
understanding the role of π-π interactions played in the interlayer of the 
phthalocyanines (both planar and non-planar) will be of great interest in 
rational design of organic electronic devices, such as efficient charge 
transport along the π-stacking directions. 
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